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ABSTRACT 
Biodiversity is in rapid decline and without additional funds or a sacrifice of 
economic development these trends, many claim, are set to continue. Given 
the lack of funds and the difficulty of changing economic development 
pathways, it is imperative that all possible options for improvements within the 
current constraints are explored and exploited. Opportunity for biodiversity 
gains occur where there are inefficiencies in the conversion from economic 
activity to biodiversity change.  These inefficiencies mean the negative 
impacts of economic development on biodiversity could be reduced and the 
positive impacts of investments could be increased. The aim of this thesis was 
to identify if opportunities exist within the current political, social and economic 
context to improve outcomes for biodiversity and to develop methods for 
quantifying and delivering these improvements across multiple scales. In 
Chapter 1 and 2 I propose methods and approaches for including the 
environment and biodiversity more specifically in national accounting, defining 
biodiversity as an asset rather than just another ecosystem service. I outline 
the many and varied ways accounting for biodiversity can inform decisions 
that improve outcomes for biodiversity. At a national scale, there are many 
opportunities for improving biodiversity outcomes given the current policy and 
funding levels and in Chapter 3 I outline four improvements to policy 
implementation that could save more species in an Australian case study. At 
an industry scale, there is significant biodiversity loss associated with 
production activities and results from efficiency analyses in Chapter 4 indicate 
that some industries are more efficient than others in producing profit whilst 
maintaining biodiversity assets. This suggests there are opportunities for 
inefficient industries (and individual producers) to enhance biodiversity without 
reducing profitability. Some individual producers are already involved in 
payment schemes to improve biodiversity but I find with a game theoretic 
analysis in Chapter 5 that these improvements could be increased for the 
same funds by selecting alternative methods of fund allocation. There are 
improvements to be made across all spatial and institutional scales of the 
biodiversity-economic nexus and taking advantage of these opportunities will 
lead to greater biodiversity outcomes now and in the future. 
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INTRODUCTION 
 
 
It is now well established that biodiversity is in decline (Rockstrom et al., 2009; EU et al., 
2013) and these declines have serious consequences for humans (Cardinale et al., 2012). 
Two options, halting the drivers of biodiversity change and increasing conservation funds, 
have been the focus of commentary and analysis (Millennium Ecosystem Assessment, 
2005b; McCarthy et al., 2012; Waldron et al., 2013) as solutions to biodiversity decline. 
Whilst it is likely that reducing the pressure from agricultural expansion, urban 
development, over-extraction and climate change and increasing funds would be the most 
effective strategy for avoiding further extinctions, the feasibility and likelihood of success of 
this strategy needs to be considered when assessing the best approach to biodiversity 
conservation (Joseph et al., 2009). It is possible that the political will and economic reform 
required to achieve these changes (Morrison et al., 2010; Kirkpatrick, 2011) means they 
have a low probability of success. To manage this risk this strategy should be 
complemented with options that have a higher probability of success. These include 
approaches that do not require a change from the current socio-economic paradigm and 
that do not require additional funds. Such approaches would seek to find improved 
outcomes for biodiversity within the existing economic, policy and social context. Where 
these improvements may be, how to find and quantify them is the subject of this thesis.  
 
If sufficient funds are allocated and the major drivers of change halted global biodiversity 
problems are solvable. Evidence suggests however that neither of these conditions will be 
met, or even nearly met, in the near future. Studies have estimated that funds required 
worldwide to avoid further extinctions is in the order of hundreds of billions of dollars 
(James et al. 1999; McCarthy et al. 2012). Current funding is less than 15% of that 
(McCarthy et al. 2012). In response to the warnings of biodiversity decline and the impact 
on people (Millennium Ecosystem Assessment 2005b) world leaders have again agreed to 
Global Biodiversity Conservation Targets (CBD 2010). Yet governments have failed to 
meet these targets before, mainly due to lack of financial resources, and will likely fail 
again because biodiversity conservation is still under funded (Waldron et al. 2013). There 
is no political appetite for the reality of meeting these targets. These realities include 
diverting funds from other areas to biodiversity conservation (James et al. 1999) and 
reducing the major drivers of biodiversity change, such as agricultural expansion, mining 
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development and urban spread that are linked to economic development. Rather than 
being reduced, these threats are likely to increase (Diaz et al. 2006). 
 
In the face of continued limited funding and increasing threats biodiversity conservation 
efforts cannot afford to misuse any resources if further declines are to be avoided. As such 
many have urged that conservation investment must be subject to the same rigor of 
analysis as other major public policy fields (Ferraro and Pattanayak 2006). This had 
precipitated a new direction in conservation research. The pertinent questions in 
conservation science are now what are the costs and benefits of alternative actions to 
inform decisions and ensure the most efficient use of limited conservation resource 
(Naidoo et al. 2006). This also means evaluating the success of implemented actions 
(Bottrill et al. 2012) to avoid the situation of the past, where because the impacts of 
investments are not monitoring, millions can be invested with no discernable impact for 
biodiversity (Kleijn and Sutherland 2003). In conservation planning, the important question 
is no longer where is the highest concentration of biodiversity as previously claimed 
(Myers et al. 2000; Brooks et al. 2006) but how to design a reserve system that 
incorporates the greatest quantity of biodiversity at least cost (Wilson et al. 2006). 
Conservation scientists are now also drawing on methods from economics and policy 
analysis and developing tools purpose-built for difficult conservation questions (Moilanen 
et al. 2009). This research has proved that even with within the existing economic, policy 
and social context there is scope to improve biodiversity outcomes (Naidoo et al. 2006). 
 
The opportunity for improved outcomes for biodiversity can be found in the two main 
relationships between biodiversity and the economy. Firstly, the impacts from economic 
activity on biodiversity can be reduced and secondly, the effectiveness of investment in 
biodiversity can be increased. Thus without changing the funding level or the type or scale 
of economic activity, biodiversity outcomes can be improved. These improvements may 
occur across multiple scales. This thesis explores where improvements to biodiversity 
outcomes can be made at the international and national level by governments, at the 
landscape level by agricultural industries and at the local level by landholders.  
 
The interaction between biodiversity and the economy has long been the subject of 
concern for environmental and ecological economists. One view is that if biodiversity holds 
value to us as humans, then measuring these values will reveal the consequences of 
those decisions to humans and thereby improve decision-making. The concept of value 
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has been largely defined through the economist prism as economic value, whether it is 
market or non-market value. But there is ongoing and lively debate about the degree to 
which the environment and biodiversity more specifically can be usefully valued in this way 
and to what degree it would improve decisions (Metrick & Weitzman, 1998; Toman, 1998; 
Alexander, 2000; Chapin III et al., 2000; Nunes & van den Bergh, 2001; McCauley, 2006; 
Hunter & Gibbs, 2009). Independent of the outcome of this debate, it remains true that 
without a measure for the environment and biodiversity it is difficult to collate, aggregate 
and compare data that is measured in different units. The economy is measured with the 
common unit of a monetary currency, which provides a comparable and scalable measure 
to use between different sectors, institutions and geographical space. The environment 
needs a similar currency to aid decision-makers managing multiple and diverse 
environmental assets across vast landscapes. It is also needed for those developing policy 
who need to understand the relative interactions between the economy and the 
environment. In Chapter 1 I outline a method for accounting for the environment that 
mimics a currency but is ecological rather than monetary. This currency can be used 
to include environmental assets in national accounts and more specifically account for the 
non-monetary values of the environment in recent developments of the United Nations 
System of Environmental-Economic Accounts (United Nations et al., 2012).  
 
Despite being critically impacted by human activities, biodiversity has not been the focus of 
attempts to measure the impacts of environmental degradation on humans (TEEB, 2010; 
Jarvis et al., 2011). Nor is it addressed thoroughly in environmental accounting 
frameworks. It has often been included partially either as a natural resource (such as a 
commodity species) (United Nations et al., 2012), an ecosystem service or good (Mace et 
al., 2012; EU et al., 2013) or as synonymous with ecosystems (TEEB, 2010). I argue in 
Chapter 2 that biodiversity has multiple roles in accounting including as an asset 
and that the most significant relationship between biodiversity and the economy – 
the loss of biodiversity resulting from economic activity – should be accounted for. I 
outline how to structure accounts to include these roles in a traditional stocks and flows 
accounting model. I detail how biodiversity accounts can help inform questions such as 
how to allocate funds effectively, what is the cost of losing biodiversity, which economic 
activities impact biodiversity most (and least). Successful implementation of these 
recommendations in the long term could assist in finding development pathways that 
would have the least impact on biodiversity. I note that while Chapters 1 and 2 contain a 
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significant amount of novel intellectual content, they also serve to introduce terminology, 
set the scene and review the literature. 
 
There is significant scope for improved outcomes for biodiversity by increasing the 
efficiency of existing national-level policy efforts. I demonstrate this in Chapter 3 with a 
case study of Australia which, given its wealth, expertise and stable governance, is 
relatively well placed to manage its threatened species. Yet, Australia has one of the worst 
modern extinction records in the world (Woinarski et al., 2014). I identify a number of 
inefficiencies in the current policy arrangements including lengthy and ineffective recovery 
planning, unstrategic methods of funding allocation between species and projects and the 
lack of transparency in funding. The consequences of these inefficiencies are being felt 
now as species continue to become extinct (Beeton, 2010; Woinarski & Cogger, 2013; 
Woinarski et al., 2014) and will be exacerbated in the future as new threats and challenges 
emerge and need to be incorporated in management (Lindenmayer, 2008; Kingsford et al., 
2009; Lockwood et al., 2009; McAlpine et al., 2009; Morrison et al., 2010; Garnett & 
Franklin, 2014). In Chapter 3 I make four feasible recommendations to adjust policy 
implementation to address inefficiencies hindering biodiversity outcomes. 
Implementing these achievable recommendations has the potential to significantly 
increase the outcomes for biodiversity of current policy without requiring new funds or 
altering economic activities. 
 
The economic activity that has had the greatest impact on biodiversity worldwide and that 
is set to continue to threaten biodiversity into the future is agriculture (Green et al., 2005; 
Millennium Ecosystem Assessment, 2005c; Vié et al., 2009). Yet it is essential that more 
biodiversity is conserved in the agricultural landscape as acquiring more protected areas 
becomes difficult and agriculture is likely to expand to meet growing food demands (Norris, 
2008; Venter et al., 2014). In Chapter 4 I introduce a new method, ‘biodiversity 
efficiency’, to identify which agricultural industries and producers could reduce 
biodiversity impacts (and by how much). This method builds upon production 
economics, which is concerned with the efficiency with which inputs are converted to 
outputs. I characterise biodiversity as an input to assess how biodiversity efficient 
industries are. This informs decision-making at multiple scales including national level 
investment decisions, regional land-use planning and local, producer-level approaches to 
improving biodiversity on properties. 
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Payments for biodiversity are hoped to be an avenue to improve biodiversity on 
agricultural properties. Many well-funded schemes already exist to pay for environmental 
services (Hanley et al., 2012), and some of these include biodiversity services. Interest in 
payments for biodiversity is increasing (Ferraro & Kiss, 2002; Zabel & Holm-Müller, 2008; 
Gibbons et al., 2011; Sommerville et al., 2011). However, there is also growing concern 
that there has been little evidence of environmental improvements for these payments 
(Ferraro & Pattanayak, 2006; Kleijn et al., 2006). This could mean that payments for 
biodiversity could be equally ineffective. Much of this ineffectiveness is blamed on an 
input-based payments scheme i.e. paying for management and assuming that there will be 
tangible outcomes (Gibbons et al., 2011). In Chapter 5 I assess the effectiveness of 
biodiversity payment schemes, comparing alternative outcome-based methods of 
allocating funds to landholders to predict which results in the greatest benefit for 
biodiversity. Landholder response to these alternative funds (differentiated by 
underpinning payment methods) is modelled with a game theoretic approach to take into 
account the interactions between landholders. These results have important implications 
for existing schemes because I determine if there is a method that could result in greater 
outcomes for biodiversity than the existing methods. Perhaps more profound is the 
potential to influence future biodiversity payment schemes where large amounts of funds 
could be invested.  
 
Maximising the outcomes for biodiversity needs to be the goal of all biodiversity 
conservation initiatives, given there is already inadequate funding (McCarthy et al., 2012; 
Waldron et al., 2013) and ever increasing pressures (Millennium Ecosystem Assessment, 
2005b; Pereira et al., 2010; Watson et al., 2013). I aim in this thesis I look across multiple 
institutions and spatial scales to find opportunities for improved outcomes for biodiversity 
and demonstrate the scale of possible improvements. Specifically I aim to: 
1. address the lack of appropriate a unit of measure that would allow the environment 
to be integrated into national economic accounting and therefore into decision-
making  
2. appraise how well existing accounting frameworks incorporate biodiversity and 
identify how current accounts should be expanded to capture the diverse 
interactions between economic activity and biodiversity 
3. review the issues which hinder the potential of national threatened species 
management in Australia and propose recommendations to improve the efficiency 
of the Australian threatened species management 
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4. develop a method to assess which agricultural industries can deliver improved 
outcomes for biodiversity conservation with little or no cost to agricultural 
production, introducing and demonstrating a method to measure these 
improvements - biodiversity efficiency.  
5. determine if there is opportunity to increase outcomes for biodiversity on private 
lands by comparing which payment methods return the greatest benefits for 
biodiversity by modelling the behaviour of landholders in response to payments. 
If these opportunities prove real, the potential for greater benefits for biodiversity within 
existing efforts, which can be achieved now, may be substantial.  
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CHAPTER 1    A COMMON CURRENCY FOR THE ENVIRONMENT 
 
 
Abstract 
Environmental accounting has the potential to give decision-makers the capacity to 
sustainably manage both economic and environmental assets by accounting for links 
between them. Currently lacking, however, is a common currency, alternative to but 
comparable with a monetary currency, to measure the condition of environmental assets. 
Fortunately a common currency for the environment has been under development 
inadvertently for decades, in the field of ecosystem assessment. Measuring the condition 
(and degradation) of environmental assets is key to understanding what levels of use and 
disturbance are sustainable. Here we describe how to build a currency for the environment 
employing a reference condition benchmark that allows comparison of environmental 
assets over time and across space. We recommend this currency be widely adopted to 
inform the increasingly difficult choices faced by decision-makers. 
  
Introduction 
Economic development has resulted in significant improvements to living standards for a 
great number of people, although it has also led to the degradation of key environmental 
assets (Daily et al., 2000; Rockstrom et al., 2009). Sustainable development is contingent 
on the impacts of economic activity being managed or mitigated. Yet, environmental 
assets continue to be degraded at a rapid rate (Rockstrom et al., 2009) and there are 
currently insufficient funds spent to mitigate the degradation of all environmental assets 
(James et al., 1999). Degradation of these environmental assets (all ecosystems and 
species that ‘may provide benefits to humanity’ (United Nations et al., 2012)) occurs 
largely because the resulting costs are external to economic decision-making (Daily et al., 
2000). Environmental accounting aims to address this by explicitly linking the environment 
to the economy (United Nations et al., 2012) and accounting for the monetary costs of 
degradation. However, there are many non-monetary values lost as a result of 
environmental degradation. Accounting for these non-monetary values is a challenge 
primarily because there is no agreed unit to measure the condition of environmental 
assets. Physical measures such as volume, area and weight have been included in 
environmental accounting but these measures do not account for condition and 
degradation. We describe here an environmental currency that measures the state and 
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trends of environmental assets with a standardised, comparable, science-based unit and 
outline how this environmental currency can inform decision-making to ensure the long-
term persistence of important ecosystems and species. 
 
Informing environmental and economic decisions is the main purpose of the international 
standard for environmental accounts, the United Nations’ System of Environmental-
Economic Accounts (Obst et al., 2013). The central focus of environmental-economic 
accounting, however, has been to provide a tool to support sustainable use of natural 
resources. This has also been extended to include the sustainable provision of ecosystem 
services (EU et al., 2013; Obst et al., 2013). The premise is that incorporating the values 
of natural resources and ecosystem services into economic accounts will lead to more 
sustainable decisions because the consequences of environmental degradation on 
humans is made explicit (United Nations et al., 2012; EU et al., 2013). This however 
assumes that environmental degradation can be linked directly to a decrease in benefits to 
humans. Establishing the relationship between environmental condition and ecosystem 
services is still a key area of research (de Groot et al. 2010). In some cases managing for 
ecosystem services would certainly ensure protection of environmental assets because 
ecosystems in better condition provide more services (Balmford et al. 2002). In many other 
cases it will involve a trade-off between the two. For example an ecosystem that supplies 
provisioning services cannot be fully intact because the process of extraction causes 
inherent changes to its form and structure (de Groot et al. 2010). As such comprehensive 
accounts that address the range of current policy issues related to the environment, 
however, will need to include a broader range of values and the other aspects of the 
interaction between the economy and the environment. This may include positive 
economic consequences for people from the environment, and the positive benefits gained 
from environmental investment but may also include the negative impacts from economic 
activity undertaken by people (Figure 1.1).   
 
Policy-makers and managers will increasingly need tools to support environmental 
decisions as development pressures increase and the impact of new threats, such as 
climate change, are felt (Rockstrom et al., 2009). Accounting can immediately assist by 
quantifying the overall state and trends of the system to inform the public, managers and 
policy-makers. In the longer term, analysing the state and trends in environmental assets 
in conjunction with economic and social information will provide a mechanism to assess 
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which to judge the state of assets, to measure relative change and to make a comparative 
assessment for decision-making.  
 
Figure 1.1 The interaction between environmental assets and economic activities undertaken by 
people. People benefit from ecosystem goods and services that environmental assets provide. 
Environmental assets benefit from investment in management but are negatively impacted by activities 
such as development, land-use change and exploitation. 
Developing an environmental currency 
In the last 30 years there have been significant advances in science towards an 
environmental currency, albeit inadvertently. Standardised measurement units have been 
developed to enable assessment, comparison and monitoring of different ecosystems at 
different scales (Ott 1978). These measures emerged from the field of aquatic bio-
assessment, primarily in the form of the index of ‘biotic integrity’ for American rivers (Karr, 
1981) and the classification-based comparisons in Great Britain, Australia and North 
America (Reynoldson et al., 1997). Standardisation of these measures is achieved with a 
common benchmark – the reference condition (Carlisle et al., 2010). The reference 
condition is a benchmark representing the same asset type that is in an intact state (or 
states) or relatively undisturbed by modern human activities. A measure of environmental 
condition is calculated by scaling indicators of condition against the reference condition 
benchmark. The late Richard Norris — one of the pioneers of bio-assessment – often 
compared this practice to real-world accounting:  ‘In accounting, it does not only matter 
how much is in the till, but you also need to know how much should be in the till’ and by 
extension how short-changed you are. The Wentworth Group of Concerned Scientists 
proposed the general policy concept of a ‘common currency’ in 20008 (Wentworth Group 
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of Concerned Scientists, 2008). This chapter builds on the early ideas in Cosier and 
McDonald (2010) to contend that applying the reference condition approach can supply 
what is currently missing from environmental accounting frameworks - a standardised unit 
of measure for environment assets. 
 
To create a standardised environmental currency each environmental asset, such as a 
forest, river or desert, can be benchmarked against its reference condition to calculate a 
value between 0 (most unlike the reference condition) and 100 (comparable with the 
reference condition) (Figure 1.2). It could be expressed as a proportion but percentages 
are easier and more intuitive to understand (Scholes & Biggs, 2005; Carlisle et al., 2010). 
Condition is a function of quality and quantity. There are several accepted methods for 
combining two subindices including summation and taking the minimum value however the 
most common method for this type of environmental index is multiplication (Ott 1978). An 
environmental currency can be created by multiplying quantity and quality, either by direct 
multiplication of quality measures with raw quantity measures (Parkes et al., 2003) or 
average quality weighted by quantity (Scholes & Biggs, 2005; Alkemade et al., 2009). 
Quality indicators typically reflect composition, diversity and function (Davies et al., 2010). 
For rivers it might be fish or macro-invertebrates, for forests the functional group structure, 
for deserts the faunal composition. For example, a river that contains 10 invertebrate 
indicator species with a reference condition species richness of 20 will result in a quality 
measure of 50 (out of 100). This is not a measure of biodiversity for biodiversity’s sake but 
rather as an indicator of the condition of the river. Some schools of thought assume 
biodiversity does not need to be considered separately as it will be accounted for under 
broader assets. But there are many reasons why biodiversity should also be considered a 
separate asset (see Chapter 2) and so we take that approach here. Quantity measures 
include area, volume, and distribution. For example, the proportion (percentage) of the 
total habitat remaining at a point in time. A 500ha forest, for example, that had a pre-
clearing area of 5000ha would result in a quantity measure of 10. Relatively high resolution 
data is available of pre-clearing vegetation for some countries (i.e Australia) (National 
Land and Water Resources Audit 2001). Data varies depending on location but increasing 
attempts to map the pre-clearing global vegetation cover (Ramankutty and Foley 1999, 
Ellis, Klein Goldewijk et al. 2010, Klein Goldewijk, Beusen et al. 2011) means data will 
improve in the future. Applying quality and quantity measures to biodiversity is a little less 
intuitive. An example of a possible approach however would be for quantity to be the 
percentage of species remaining and the quality the average size of those populations. For 
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example, if there were 90% of bird species remaining but the population sizes were on 
average at just 10% then the unit would be 9. These units, referred to as Econds ( ) 
(Cosier and McDonald 2010), can be used to populate environmental accounts to measure 
the stock of environmental assets (Sbrocchi 2013). Here we follow the approach of 
multiplying quality by quantity (Parkes et al., 2003). As both are benchmarked against a 
reference condition the final currency also is 0-100.  For example, if the last 10% of a 
forest has a quality of 10 then the final Econd is 1. This accounts for the loss in quality as 
well as the loss of quantity so that the instance may occur where two assets, one 
occupying its original extent, and another occupying a fraction of its original extent, are not 
considered equal even though they may exhibit the same quality.  
 
 
Figure 1.2 Benchmarking to convert measures to an environmental currency. Each example 
environmental asset is measured on a different scale. Measures are standardised to an equivalent 
scale, 0-100, by scaling against the reference condition (a) and creating an environmental currency (b). 
Present day measure = picture filled circle. Reference condition = outlined circle. The colour of the 
circle indicates the environmental asset type: Green=Forest, Yellow=Desert, Blue=River. 
The reference condition concept has been applied at global (Rockstrom et al., 2009), 
national (Scholes & Biggs, 2005) and regional (Carlisle et al., 2010) scales and underpins 
several major terrestrial, aquatic and marine environmental assessments.  Environmental 
condition indicators using reference condition methodologies were pioneered through the 
study of rivers, where there is a complex interaction of spatial, temporal and physical 
variation (Wright et al. 1984, Karr 1991, Andersen et al. 2004), the reference condition 
approach for freshwater ecosystem assessment has been adopted by many countries 
because it allows different water bodies in different locations to be compared on a 
common (EU 2000, Rheinhardt et al. 2007, Tett et al. 2008). This reference condition 
approach has now also been applied to terrestrial landscapes (Swetnam et al. 1999, Boer 
and Puigdefabregas 2003, Parkes et al. 2003, Nielsen et al. 2007) and marine ecosystems 
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(Pandolfi et al. 2003, Worm et al. 2009). 
 
The methodological approach varies slightly between these in how to define reference 
condition, and how to choose and aggregate indicators. The Global Biodiversity 
Assessment (GLOBIO3) (Alkemade et al., 2009), for example, which measures 
biodiversity loss (similar to the Nature Index (Certain et al., 2011), Biodiversity Integrity 
Index (Scholes & Biggs, 2005)), is based on the average mean abundance for all species 
expected within an ecosystem, effectively weighted by area. It defines the reference 
condition benchmark as ‘pristine’ (Alkemade et al., 2009) or the condition ‘before alteration 
by modern industrial society’ (Scholes & Biggs, 2005). The European Water Framework 
Directive and the Australian Rivers Audit (EU, 2000; Davies et al., 2010), on the other 
hand, use targeted indicators of ecosystem health such as specific species of fish and 
macroalgae (EU, 2000; Davies et al., 2010). The Australian Rivers Audit defines reference 
condition as sites with ‘no significant human intervention in the landscape’ and indicators 
are combined through an expert process while the Water Directive Framework uses a 
similar reference condition definition (‘undisturbed’) but selects the worst performing 
indicator rather than aggregate indicators together (EU, 2000). Where ecosystems lack a 
‘natural’ or unmodified example due to the intensity and extent of human alteration, other 
methods for determining reference condition include ecological modelling (EU, 2000), 
expert knowledge (Scholes & Biggs, 2005) and historical records (Swetnam et al., 1999). 
Developing a common currency for the environment will require scientific accreditation 
standards to ensure the rigour of the proposed environmental currency (Wentworth Group 
of Concerned Scientists, 2008) by setting guidelines for good indicator selection, 
appropriate reference condition definition and consistent aggregation methods. 
 
The advantages of the reference condition in assessment are well documented (Parkes et 
al., 2003; Scholes & Biggs, 2005; Gibbons et al., 2008; Carlisle et al., 2010; Certain et al., 
2011). The main advantage is that is provides a consistent measure for assessing 
condition (Gibbons et al., 2008). For a single ecosystem, managing a system based on 
reference condition will lead towards a condition similar to what it is adapted to (Gibbons et 
al., 2008) and therefore increase long-term viability. For managing multiple ecosystems, 
the reference condition avoids the perverse situation where more diverse ecosystems are 
considered in better condition or of more value (Gibbons et al., 2008). It allows comparison 
between different ecosystems (Parkes et al., 2003), recognising the variation in 
productivity, structure and composition between and within ecosystems. For example, two 
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different ecosystems may appear similar but only comparing each against the relevant 
benchmark will reveal whether these assets are in low or high condition (Reynoldson et al., 
1997). A common currency based on the reference condition can therefore be scaled, 
aggregated and disaggregated to scales relevant to users where data allows (Scholes & 
Biggs, 2005; Carlisle et al., 2010).  It can be used by any institution, at multiple scales 
(Carlisle et al., 2010), for multiple assets (Scholes & Biggs, 2005; Certain et al., 2011). It 
also avoids the problem of a shifting baseline where newly defined baselines mask the real 
trends and magnitude of change (Pauly, 1995). 
 
Informing decision-making with a common currency for the environment 
Options for management, policy and investment for a portfolio of environmental assets can 
be better determined with an environmental currency (Figure 1.3). In the first instance, 
suitable management options for each asset depend in part on the state of the assets 
(Scholes & Biggs, 2005) (Figure 1.4). For example, environmental assets severely 
reduced in quantity need urgent ‘protection’ to prevent further loss, whilst spatially intact, 
low quality assets might be suitable for ‘rehabilitation’ to improve the quality. Assets 
currently in good condition but where threats are likely to increase should be carefully 
‘monitored’ (Figure 1.3). 
 
The opportunity afforded by a common currency in an accounting framework is to link 
environmental information with economic data (expressed consistently across both 
environmental and economic assets). For example, to account for investment in the 
environment, environmental expenditure accounts have been proposed (United Nations et 
al., 2012). Long-term environmental currency trends aligned with management actions and 
expenditure accounts can be used to assess the relative return on investment for all 
expenditure and the effectiveness to inform future decisions (Figure 1.5). 
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Figure 1.3 Assessing the state of multiple environmental assets and supporting decisions.  Sets of 
environmental assets of different extents occur at the global, national or local scale (A). Once converted 
to environmental currency each can be plotted on the same quality-quantity axis (B). These axes form 
the basic framework to guide decisions (C) in combination with economic and social information. The 
size of the circles indicates the present day extent of the asset. The colour of the circle indicates the 
environmental asset type: Green=Forest, Yellow=Desert, Blue=River.  
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Figure 1.4 The state of an environmental asset – native vegetation – for one area of Western Australia.  
The depicted Econds highlight where management or further research might be directed based on high, 
moderate or low scores (Figure used with permission from the Wentworth Group of Concerned 
Scientists (Cosier and Sbrocchi 2013, Jackson 2013)).   
 
Priorities and allocation decisions can be determined using an environmental currency if 
supplemented with other economic and social information. Which ecosystems to protect, 
restore or rehabilitate would depend not only on the state of the asset but also threats, 
costs of undertaking management actions (Wilson et al., 2006), the likelihood of actions 
succeeding (Carwardine et al., 2012) and social values (Daily et al., 2000). If the aim is 
multiple benefits such as the provision of ecosystem services, information on the synergies 
and trade-offs between the integrity of the environment assets and ecosystem services 
would be required (Robertson & Swinton, 2005). The environmental currency can also be 
a general surrogate for the ecosystem service provision, where the capacity of ecosystems 
to deliver changes as they lose condition (United Nations et al., 2012).  
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Figure 1.5 Policy and management applications of a currency for the environment. (1) Demonstrates 
state and trends over time as well as indicates relative trends towards targets. This information 
combined with cost-effectiveness of management actions (change in Econd/cost of intervention) (2) can 
be used to inform future management and prioritisation. The sustainability of economic activities can be 
assessed by the rate at which a natural resource is used and replenishes (3), the impact of activities (4) 
and the options for offsetting (5). 
 
There is general agreement that the current trajectories of environmental degradation are 
unlikely to improve unless some of the major drivers of change, such as land-use change 
and resource exploitation, are controlled (Millennium Ecosystem Assessment, 2005c). 
Environmental sustainability implies the impacts of these economic activities are being 
managed and mitigated to ensure the long-term viability of the environmental assets. A 
change in the common currency indicates the amount to be matched by natural 
regeneration or intervention (strong sustainability) or substituted by other forms of capital 
(weak sustainability) (Dietz and Neumayer 2007). Sustainability in sectors like agriculture 
can be fostered by stewardship and incentives for environmental outcomes (Robertson & 
Swinton, 2005). A common currency can be used in these payments because the Econd 
provides a common metric to compare which bid is the most cost-effective (Eigenraam et 
al., 2007). Other drivers, such as land-use change, can be more sustainable if impacts are 
avoided, mitigated or offset. A common currency is a good mechanism to compare options, 
observe the impact of anthropogenic changes (Carlisle et al., 2010), the effect of policy 
and the consequences of development pathways (Scholes & Biggs, 2005; Pereira et al., 
2010) (Figure 1.5). Measuring environmental currency trends can also address a major 
challenge for the environmental policy-makers – determining if targets for environmental 
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protection are being met and if not, whether the trends are towards or away from targets 
(Alkemade et al., 2009) (Figure 1.5). Ultimately, environmental accounts populated with a 
common currency should allow comparison of the impacts of different economic activity on 
the environment by industries per unit economic output. 
 
An environmental condition metric based on reference condition is already being used to 
identify and evaluate government and industry defined offsets (Gibbons et al., 2009; 
Temple et al., 2012). A quality measure between 0-100 (measured against a reference 
condition) underpins Rio Tinto’s Net Positive Impact approach to impact assessment and 
offsets (Temple et al., 2012). There is demand in general for a standardised currency for 
the environment by the private sector where pushes for comprehensive impact 
assessment, avoidance and mitigation are made near impossible by the lack of accepted 
metrics (Ten Kate et al., 2004).  
 
One of the key benefits of such an environmental currency is that it communicates the 
complexity of environmental information to policy-makers and the public in an easy-to-
understand, recognisable way (Certain et al., 2011; Ott 1978). Nevertheless, it must be 
made clear to users that the reference condition is not a policy objective or target. It does 
not imply that an asset should be restored to 100. Policies developed on the basis of 
ecological thresholds, trade-offs or societal preferences may indicate that maintaining the 
asset at a level below 100 is sufficient (Certain et al., 2011). In fact, this will almost always 
be the case. For example, it may not be possible or desirable to return environmental 
assets in intensive agricultural zones or highly urbanised areas to 100. Setting targets 
between 0-100 would clarify this distinction and help managers and government assess 
their progress towards societal objectives and improve accountability and transparency.  
Environmental accounts also need to report the uncertainty that is associated with 
estimates of the environmental currency (Scholes & Biggs, 2005; Certain et al., 2011) 
communicating these uncertainties clearly for a non-scientific audience. 
 
Concluding remarks 
There is an urgent need to implement an accounting system that communicates the state 
and trends of environmental assets and enables these data to be linked with economic 
data to support decisions. The adoption of accounts populated with Econds should 
promote the transparency and accountability long needed in the environmental sector, the 
lack of which is a core limitation in managing environmental assets sustainably. The 
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environmental currency described here can be adopted by national economies and any 
level of governance responsible for managing environmental assets. The practical 
implementation of this is not as challenging as it may seem, given that the methods have 
received decades of scientific inquiry (Karr, 1981; Reynoldson et al., 1997; Pandolfi et al., 
2003; Scholes & Biggs, 2005; Certain et al., 2011), large-scale projects using these 
measures have been undertaken (EU, 2000; Scholes & Biggs, 2005; Alkemade et al., 
2009; Davies et al., 2010; Certain et al., 2011) and accounting frameworks into which the 
currency could be integrated have already been developed (United Nations et al., 2012; 
EU et al., 2013; Obst et al., 2013). Policy-makers are increasingly turning to accounting as 
a framework to inform decision-making as past patterns of degradation continue and 
environmental systems face new challenges such as climate change and increased 
threats such as agricultural and urban expansion. The urgency is growing. Whilst how to 
assign a monetary value to the environment continues to be debated (Daily et al. 2000, 
Obst et al. 2013), the environmental currency proposed here offers the opportunity to start 
accounting for the environment without further delay.  
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CHAPTER 2    TAKING STOCK OF BIODIVERSITY – A NEW 
FOCUS FOR ACCOUNTING 
 
 
Abstract 
The environment throughout the world continues to degrade due to the direct or indirect 
impacts of human activities. Recognising this trend, and the potential consequences for 
human welfare, environmental accounts are being developed to link information about the 
environment to the economy. Biodiversity, however, is currently not the primary focus of 
these efforts, and in many cases is assumed to be synonymous with natural resources, 
ecosystems, or the services provided by ecosystems. In this chapter we appraise how well 
existing accounting frameworks incorporate biodiversity and assess the suitability of the 
traditional stock and flow structure for biodiversity assets. We identify how current 
accounts should be expanded to capture the diverse interactions between economic 
activity and biodiversity and to explicitly acknowledge that biodiversity has at least four 
roles within accounting frameworks. Biodiversity can be an asset, a good, a service, and 
changes in biodiversity a residual of production. We provide examples of how biodiversity 
accounts could be used to observe the impacts of management action or policy changes 
to guide decision-making in the future.  
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Introduction 
There is widespread recognition that degradation of the environment has important 
negative implications for human welfare through impacts on nature, natural resources 
(Wackernagel et al., 2002) and ecosystem services (Millennium Ecosystem Assessment, 
2005c). As such, natural capital accounting, wealth accounting (‘green accounting’) (Jarvis 
et al., 2011) and environmental-economic accounting under the United Nations System of 
Environmental-Economic Accounting (SEEA) (United Nations et al., 2012) (see Table 2.1) 
have been proposed to integrate the environment with policy and decision-making (United 
Nations, 1992). These accounting efforts focus on natural resources (United Nations et al., 
2012) and ecosystem services (EU et al., 2013) but the concept of accounting for 
biodiversity remains relatively undeveloped.  
 
The Convention on Biological Diversity, the Intergovernmental Platform of Biodiversity and 
Ecosystem Services, the United Nations and the World Bank all have biodiversity 
accounting on their work agendas. Since ‘biodiversity accounting’ has not been formally 
defined, we offer this definition: the practice of measuring the state and trends of 
biodiversity, and where relevant linking it to economic accounts, to inform decisions about 
policy and management. There has been a lag, however, between the demand for 
biodiversity accounting and the delivery of workable accounts. We appraise the suitability 
of current accounting frameworks and structures for capturing biodiversity, identify ways in 
which existing accounts could be expanded and demonstrate opportunities for biodiversity 
accounting to inform decision-making. 
 
Firstly, is there a need for biodiversity accounts? 
Biodiversity accounts do not make redundant or replace the existing initiatives to measure 
and manage biodiversity. Rather, it is a new tool that complements and to a degree 
collates significant ongoing efforts to measure state and trends, identify drivers of change 
and assess the consequences of biodiversity loss. The Global Biodiversity Assessment 
(Alkemade et al., 2009) and the IUCN Red List (IUCN, 2013), for example, assesses the 
current state of biodiversity and the Red List Index and the Living Planet Index provide 
information on biodiversity trends (Loh, 2002; Butchart et al., 2006; IUCN, 2013). Drivers 
of observed biodiversity declines (Sala et al., 2000; Rockstrom et al., 2009) have been 
identified as including agricultural expansion and intensification, invasive species, resource 
exploitation, disease, and climate change (Millennium Ecosystem Assessment, 2005b).  
Where information on declines has not been enough to motivate action, articulating the 
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consequences for humans of biodiversity loss (Chapin III et al., 2000; Díaz et al., 2006; 
Scholes et al., 2008; Butchart et al., 2010; Cardinale et al., 2012) has been attempted. The 
Economics of Ecosystems and Biodiversity (TEEB) (TEEB, 2010) and World Bank’s 
Wealth Accounting and the Value of Ecosystem Services (WAVES) attempt to measure 
the economic consequences of biodiversity losses using market and non-market valuation 
techniques respectively. There is also the option for using these techniques in tandem. 
Environmental accounting standards have outlined the use of hybrid accounts, where 
accounts can be populated with both monetary and physical units (Kinzig et al., 2011; 
United Nations et al., 2012) (Table 2.1). This is important for biodiversity accounting, since 
biodiversity has both intrinsic (Soulé, 1985; Noss & Cooperrider, 1994; Wilson, 1999; 
McCauley, 2006) and instrumental values (Millennium Ecosystem Assessment, 2005b; 
Mace et al., 2012), and therefore a focus on monetarisation alone would be insufficient. 
Biodiversity accounting offers the opportunity to build upon these initiatives to 
systematically account for the multiple roles of biodiversity, linking it to economic activities 
and many of the significant drivers of biodiversity loss.  
 
Current accounting for biodiversity 
Ecosystems are the focus of the latest extension of the United Nations System of 
Environmental-Economic Accounts Experimental Ecosystem Accounts (SEEA EEA) 
(Table 2.1) and both ecosystems and the services derived from them are accounted for. 
Ecosystems are measured by their condition and extent and the services through physical 
and, where possible, financial flows (Table 2.2). These flows include cultural, regulating 
and provisioning services (EU et al., 2013). If the flows have a financial value the 
ecosystem can be valued as a function of the current and future flows. The rate of these 
current flows of ecosystem services, however, may not be sustainable in the long term 
(Schröter et al., 2014). As such, a new concept has been developed for accounting, 
expected ecosystem service flow, to measure the level of services expected to be 
delivered sustainably by the ecosystem in the long term (Table 2.2). The capacity of the 
ecosystem to deliver services is a function of these expected future flows. Thus the 
instrumental values (use and non-use values assigned by humans) of ecosystems are 
accounted for. While the intrinsic values, i.e. the right of ecosystems to exist, are 
incorporated in the condition and extent of ecosystems measured in ecosystem stock 
accounts.  
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Table 2.1 Environmental accounting initiatives undertaken by the United Nations, European 
Commission, Food and Agriculture Organization, International Monetary Fund, Organisation for 
Economic Co-operation and Development and World Bank. 
Environmental-
economic 
accounting 
 
At a national level, economic accounting provides a systematic summary of all 
economic activity. Accounting organises information in a structured and 
standardised way and thereby allows information to compared and tracked over 
time. The System of National Accounts (SNA, 2009) is the statistical standard used 
by over 200 nations (hereafter referred to as economic accounts) which measures 
the stocks of assets, the production of goods and services from these assets and 
how these flow through the economy to be consumed as benefits by people. Such 
accounts typically measure capital assets such as factories, but since the Rio Earth 
Summit in 1992 the accounting field has sought to widen its scope to include natural 
resources (United Nations et al., 2012) and environmental assets (Stoneham et al., 
2012; Ajani et al., 2013). This has been to redress, or at least measure, the 
consequences of market failures that result in environmental degradation (Costanza 
& Daly, 1992; United Nations, 1993; Balmford et al., 2008).  
The System of Environmental-Economic Accounts Central Framework (SEEA CF) 
(United Nations et al., 2012) developed by the United Nations Statistical Division 
was the first attempt to establish an international standard for national 
environmental accounting. The SEEA CF uses a traditional stock and flow model to 
account for the components of the environment that cross the production boundary 
– that is, those components that are somehow involved in the production of goods 
and services. These environmental-economic accounts are satellite accounts, sitting 
alongside of the economic accounts, rather than altering the existing economic 
account. One important element of these accounts for policy and management is an 
expenditure account that aims to record all investment in the environment. Monetary 
or physical units, such as weight or volume, can be used to populate these 
accounts, which focus on natural resources, biological resources, including timber 
and aquatic resources, and land. Land Accounts are designed to account primarily 
for land-use and land cover change in order to measure impacts such as 
urbanisation, agricultural expansion and deforestation as well as account for land 
value, production value and ownership (United Nations et al., 2012).  
Ecosystem 
accounting 
 
A new standard for ecosystem accounting is currently in an experimental phase, 
defined as the ‘integration of ecosystem services and ecosystem capital into 
national accounts’ (Edens & Hein, 2013). These SEEA Experimental Ecosystem 
Accounts (SEEA EEA) (EU et al., 2013) predominantly measure ecosystem assets 
including their extent and condition, along with the services ecosystems provide. 
This includes all ‘final’ ecosystem services, and currently extend to regulating, 
provisioning and cultural services (EU et al., 2013). The conceptual model of 
ecosystem accounting focuses on tracking the loss of services or the reduced 
capacity of the ecosystem stock to produce services (Stoneham et al., 2012) and 
less on the actual flows of services into the economy. The way these accounts are 
being structured rests on the assumption that ecosystems in good condition will 
provide the full complement of expected services (expected flows). Ecosystem 
condition is measured by combining the extent and the state of the asset. The state 
is assessed through a number of indicators that are scaled against a reference 
condition. These accounts are predominantly physical accounts (i.e. include 
weights, volume, area) but it is also possible to measure monetary values (market 
prices). 
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Table 2.2 Existing and potential accounts for biodiversity. Some of these accounts have already been 
implemented, but where no accounting framework is specified there is currently a gap and development 
of these accounts is required. (P= physical, $ = monetary). 
 
  
Asset type Account 
code 
Account type Unit of 
measure  
Accounting 
framework 
Ecosystem asset Stock account Example measure 
E1 Ecosystem 
condition 
Wetland health index P SEEA CF 
E2 Ecosystem 
extent 
Area of wetland P SEEA CF 
E3 Aggregated 
expected 
ecosystem 
service flow 
Combined measure of 
future expected flows 
from a wetland 
P or $ SEEA EEA 
E4 Ecosystem 
financial value 
Aggregate measures of 
the discounted benefits 
from a wetland 
$ SEEA CF 
Flow account Example goods and services 
E5 Expected 
ecosystem 
good and 
service  
 
Actual 
ecosystem 
good and 
service 
 
Provisioning such as 
water for drinking 
P or $ SEEA CF 
Regulating such as flood 
protection 
P SEEA EEA 
Cultural such as wildlife 
watching 
P or $ SEEA EEA 
E6 Residual Ecosystem loss from 
land clearing 
P  
 
Species asset Stock account Example measure 
S1 Species 
condition 
Individual species 
abundance, species 
richness, threatened 
species 
P SEEA EEA 
S2 Species extent Species or community 
distribution 
P  
S3 Aggregated 
expected 
species service 
flow 
Combined measure of 
future expected flows 
from a species or 
community 
P or $  
S4 Species 
financial value 
Aggregate measures of 
the discounted benefits 
from a species or 
community (e.g. for 
timber or fisheries) 
P or $ SEEA CF 
Flow account Example goods and services 
S5 Expected 
species good 
and service  
 
Actual species 
good and 
service 
 
Provisioning such as 
from game birds 
P or $  
Regulating such as seed 
dispersal by birds 
P or $  
Cultural such as bird 
watching 
P or $  
S6 Residual Albatross by-catch from 
fisheries.  
Change in species 
richness. 
P or $  
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The current accounting approach to species is less comprehensive. Biodiversity is largely 
considered a natural resource or a part of (or underpinning) ecosystems. Some 
biodiversity is further captured in the Land Account, which measures extent of vegetation 
types (Table 2.1). Species condition is accounted for but largely to indicate the condition of 
ecosystems. These inclusions represent important but partial coverage of biodiversity. Like 
many other initiatives, biodiversity in the accounting context (Mace et al., 2012) is thought 
to be largely incorporated under ecosystems and ecosystem services.  But there is 
ongoing debate and uncertainty in the degree to which ecosystems are a proxy for 
biodiversity (Grantham et al., 2010), how biodiversity supports ecosystems (Kremen, 2005; 
Balvanera et al., 2006; Díaz et al., 2006; Nelson et al., 2009; Loreau, 2010; Cardinale et 
al., 2012; Mace et al., 2012; Pereira et al., 2012; Balvanera et al., 2014) or how 
biodiversity is captured in the ecosystem services framework (Hooper et al., 2005; Kremen, 
2005; Balvanera et al., 2006; Díaz et al., 2006; Raffaelli, 2006; Nelson et al., 2009; 
Grantham et al., 2010; Loreau, 2010; Cardinale et al., 2012; Mace et al., 2012; Balvanera 
et al., 2014). There is a risk that managing for ecosystem services does not manage 
biodiversity (Mace et al., 2012) and species such as endangered species or ecologically 
redundant species (Hooper et al., 2005) will be under represented. There are several 
straightforward extensions that could more fully account for both the intrinsic and 
instrumental value of biodiversity (Table 2.2).  
 
Measuring biodiversity for accounting 
Due to the lack of clarity regarding the role of biodiversity in accounting and the inherent 
problem that biodiversity is complex and difficult to measure, little headway has been 
made in developing accepted measures of biodiversity for accounting. Whilst not the focus 
of this chapter I will briefly review the current status of measures for biodiversity 
accounting. Given that the most straightforward and arguably the most important role of 
biodiversity is as an asset we will start by attempting to measure stocks of biodiversity. 
Constructing biodiversity measures as an environmental currency (see Chapter 1) will 
facilitate the integration of biodiversity into the accounting framework. Choosing which 
biodiversity indicator to use is made complicated by the lack of an existing ‘perfect’ 
indicators or index.  Therefore there is a trade-off between a number of desirable aspects. 
The cost and effort in constructing a fit-for-purpose measure may not satisfy a return on 
investment analysis (Possingham et al. 2012, Tulloch et al. 2013) although this remains to 
be done.  If we then draw from available indicators we then have to test them against a 
number of criteria including: compatibility with the reference condition approach, sensitivity 
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to change, accuracy, timeliness. Other aspects of increasing importance for any 
environmental indicator are the ability to forecast and run scenarios (Pereira, Ferrier et al. 
2013). A number of candidate indicators exist (see Table S.1.1.1 for table of indicators) 
including many that use the reference condition as the benchmark (Brink 2002; Scholes 
and Briggs 2005; Alkemade et al. 2009; Certain et al. 2011) and would therefore be 
possibility appropriate as an Econd (see Chapter 1) for biodiversity. Further research is 
need in this area and this is subject of ongoing research by the candidate 
 
Accounting for the four roles of biodiversity  
Biodiversity is a good 
In the current form of environmental-economic accounting species are mostly considered a 
good, including as a natural resource, such as commercial species of fish (SEEA CF) or as 
a good provided by ecosystems (SEEA EEA) (Elton, 1927; MacArthur, 1955; Elton, 1958; 
May, 1975; Millennium Ecosystem Assessment, 2005a; Mace et al., 2012; United Nations 
et al., 2012)  (Table 2.2). This classification of biodiversity as a good can potentially 
include species that people like to look at or know exist, similar to the UK Ecosystem 
Assessment classification of wild species as a good (Mace et al., 2012). 
 
Biodiversity is a service 
Species-level biodiversity is an important component of ecosystems. The exact nature of 
the relationship between biodiversity and ecosystem function and ecosystem service 
delivery remains to be determined (Kremen, 2005; Balvanera et al., 2006; Díaz et al., 
2006; Raffaelli, 2006; Nelson et al., 2009; Grantham et al., 2010; Loreau, 2010; Cardinale 
et al., 2012; Mace et al., 2012; Pereira et al., 2012; Balvanera et al., 2014). However, it is 
likely that at least some species play an important role in ecosystem function (Kremen, 
2005) and hence in the provision of many ecosystem services (Díaz et al., 2006). Species 
composition is also correlated with ecosystem processes that lead to services such as 
improved nutrient cycling and erosion control (Balvanera et al., 2006).  
 
Biodiversity is an asset 
Species are assets themselves, as is biodiversity more generally. The intrinsic values of 
species should be captured to the same degree as ecosystems, by including accounts to 
measure condition (such as abundance) and extent (such as distribution). Species are not 
only a good derived from ecosystems but are stock (individually or as a community) from 
which flows a suite of goods and services (Table 2.2). Therefore they have a separate role 
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(Hooper et al., 2005; Balvanera et al., 2006) to ecosystems as a source of goods and 
services. This means that the accounting concepts designed to measure sustainable 
levels of service delivery, such as expected future service flow, can be applied to species 
level biodiversity.  
 
Biodiversity change as a residual of production 
The accounting frameworks in their current form fail to account for the most significant 
relationship between biodiversity and the economy – at both the ecosystem and species 
level. This relationship is the biodiversity change resulting from economic activity. This gap 
can be filled in two ways: first by classifying the ecosystem or species lost in production as 
inputs to production like any other factor of production or second, as a residual of 
production, like by-catch from fisheries. For the purposes of this chapter we refer to the 
biodiversity change resulting from the production (which generates economic revenue) as 
a residual of production (Table 2.2). 
 
Linking biodiversity to the economy in the stocks and flows model 
Within an accounting context assets are typically linked to the wider economy through the 
relationship between the asset stock and its flows. Flows are the goods and services 
generated from a stock, like cars from a factory. Building biodiversity accounts through the 
existing, widely applied and institutionalised structure of stock and flow accounts has some 
obvious advantages. The account process is already developed, in use, and well 
understood. Stock accounts measure the state and change of assets over time. They 
record the opening stock, measure the quality and quantity of the stock, any additions and 
subtractions to quantity and quality during the period (which are attributed to different 
causes) and a closing stock, thereby enabling total overall change to be tallied.  
 
The process of linking a biodiversity stock account to a flow account is, however, both 
technically and conceptually challenging. Take, for example, bird diversity as a species-
level biodiversity asset. In the context of accounting, a cultural service provided by this 
asset might be bird watching, but what is the stock that produced the birds? Is it the 
population of birds? Is it the ecosystem that supports the birds? Flows are also likely to be 
separated from the stock in time and space (Cardinale et al., 2012), making it difficult to 
attribute a flow to a particular stock. For example, bird populations may depend on habitat 
throughout the landscape, not just where they are observed, and in some cases, habitat in 
other countries. There is likely to be a time lag between managing habitat (stock) and 
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greater numbers of birds (flows) and if there were no change in the rate of the flow then in 
traditional economics there would be no change in the state of the stock (i.e. it is 
regenerating at the same rate as depleting). This would not always be the case for 
biodiversity assets. For example, many fishery stocks have been observed to produce the 
same catch volume for decades without showing signs of depletion before suddenly 
collapsing (Mullon, Fréon et al. 2005). These challenges create an incentive to use a new 
approach for linking biodiversity accounts to the economy. 
 
Spatially linking biodiversity accounts to economic information provides an alternative 
approach to stock and flow accounts in order to quantify the relationship between 
biodiversity and the economy. Economic accounts are not typically spatial, but there are 
developments underway within environmental-economic accounting to provide economic 
statistics in a spatial format (e.g., the Australian Bureau of Statistics and the European 
Environment Agency Land Accounts). Under such a structure, the biodiversity in a spatial 
unit (see Glossary) could be linked to economic information (such as land value or 
agricultural profitability) from that area. This information could then be aggregated to a 
coarser spatial scale such as the ecosystem/landscape/catchment level.  
 
How biodiversity accounting could inform decision-making 
Environmental accounting can currently provide insight into biodiversity states and trends, 
the drivers of change (Baillie et al., 2004; Phalan et al., 2011), and information on whether 
current use of the asset is sustainable (Pauly et al., 2002; Murdoch et al., 2007; Wilson et 
al., 2007; Scholes et al., 2008; Underwood et al., 2008; Butchart et al., 2010). Biodiversity 
assets can potentially then be managed like other economic assets to ensure a long-term 
flow of benefits (United Nations et al., 2012). Given that biodiversity accounting has the 
potential to systematically link information on biodiversity with economic information over 
time, there are many useful ways in which accounts could be used to address system-level 
interactions between biodiversity and the economy (Table 2.3). The usefulness of 
biodiversity accounts in practice will depend on whether they can answer policy-relevant 
questions including: What is the return from investment in management actions? What is 
the relationship between biodiversity change and different sectors and to the economy 
more broadly? What are the costs of biodiversity loss (Chapin III et al., 2000; Díaz et al., 
2006; TEEB, 2010) (Figure 2.1; Table 2.3)? 
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Figure 2.1. The positive and negative relationships between biodiversity assets and human activities. 
The capacity of environmental accounts to evaluate the effectiveness of management 
actions and policies that impact biodiversity could be enhanced by the emerging 
accounting initiative to produce environmental expenditure accounts (See Glossary). 
These accounts aim to capture all investments in the environment (United Nations et al., 
2012). If this information is collated for biodiversity conservation and management 
investments then it could be integrated with data on biodiversity change to estimate the 
return from investment in management actions (Table 2.3). Accounting could then 
appraise whether current investment is sufficient (i.e. whether the investment in 
biodiversity is sufficient to offset the loss of biodiversity) and could inform more efficient 
allocation of resources amongst management actions and areas (Wilson et al., 2007). 
Information currently contained within environmental accounts also has the potential to 
facilitate evaluation across multiple objectives by assessing synergies and trade-offs 
between biodiversity, ecosystem services and land use (Nelson et al., 2009; Mace et al., 
2012) (Table 2.3). Furthermore, if biodiversity asset accounts are produced spatially they 
could be used to inform land-use planning and marine zoning through assessments of the 
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relative change of biodiversity and ecosystem services under alternative development or 
land-use scenarios.  
Table 2.3 Biodiversity policy issues and management questions that could potentially be addressed 
using information from biodiversity accounts and other contributed data, focusing on species-level 
biodiversity assets (account codes derived from Table 2.2). 
Policy issue Policy/management question Accounts  Other 
data 
Analysis 
1. Biodiversity 
state and trends 
Are species declining? S1 and/or S2   Difference in opening 
and closing stock 
Which species are declining 
most? 
S1 and/or S2  Comparison of change 
in stocks across species 
assets 
How does biodiversity change 
compare to targets? 
S1 and/or S2   
2. Drivers of 
biodiversity 
change 
Are the drivers of change 
anthropogenic? 
S1 and/or S2  
 
1  Correlation between 
biodiversity change, 
threat change, and 
natural variation change 
What is the impact of different 
drivers? 
S1 and/or S2  
Land account  
1  
2  
Expected effect size 
from correlation model 
3. Effectiveness 
of management 
What management actions 
have the greatest impact? 
S1 and/or S2  
 
1 
2  
3  
Correlation between 
biodiversity change, 
management actions, 
and natural variation 
change 
How do species respond to 
different management actions? 
S1 and/or S2  1 
2 
3 
Expected effect size 
from correlation model 
4. Resource 
allocation 
What is the return on 
investment in management 
actions? 
S1 and/or S2 
and 
expenditure 
account  
1 
2 
3 
Return on investment  
(biodiversity 
change/expenditure per 
species) 
5. Land/sea use 
planning 
What are the synergies and 
trade-offs between biodiversity 
and ecosystem services? 
S1 and/or S2, 
E5, and S5  
 Correlation between 
biodiversity and 
ecosystem services 
Where are the synergies and 
trade-offs between biodiversity 
and different land uses? 
S1 and/or S2  
Land account 
 Overlay biodiversity and 
land use 
7. Sustainable 
use 
What is cost of losing 
biodiversity? 
S4 
S5 
 Sum expected service 
flow from biodiversity 
What is the contribution of 
biodiversity to production? 
E5 
S5  
 Estimate of the gross 
value added to the 
economy of biodiversity 
Is current use of biological 
resources sustainable? 
S4 
S5 
 Current use of biological 
resources compared to 
the expected flows 
Which sectors have the 
greatest (or least) impact on 
biodiversity? 
S6 4 Biodiversity change over 
gross value added 
(GVA) by industry 
Are biodiversity assets being 
depleted? 
S1 and/or S2, 
expenditure 
account, and 
S6 
 Positive change from 
investment/negative 
change from use 
 
If the biodiversity residuals of production are accounted for, then information on how the 
economy could be grown with the least impact on biodiversity, and the least cost to 
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society, could be obtained. Each sector could have their biodiversity losses accounted for 
and consumers and decision-makers could identify the lowest-impact options for producing 
goods and services. Biodiversity accounts could also feasibly inform an indicator of 
biodiversity change (Scholes & Biggs, 2005), in a similar way to GDP, to sit alongside 
other national indicators of progress. 
 
Treating biodiversity as a service, an asset and biodiversity loss as a residual of 
production would currently depend on the availability of spatial data. The spatial scale of 
policy questions that can be asked of biodiversity accounts will be dependent upon the 
scale at which data is collected. Currently, economic information is predominantly 
collected at the national scale, to inform national policy. Data on expenditure for the 
environment is collected for the environment as a whole. Biodiversity exhibits great 
variation over space and time. Scale, data accuracy, time lags, autocorrelation, correlation, 
causation, and units of measurement will need to be carefully considered by both the 
builders and users of biodiversity accounts to maximise their utility.  
 
Concluding remarks 
Significant progress has been made in environmental accounting, but the variety of ways 
in which biodiversity interacts with the economy is not fully accounted for in existing 
schemes. Moving towards a more comprehensive accounting system for biodiversity 
means including its multi-faceted role as an asset, good, service, and biodiversity change 
as a residual of production. Accounting for biodiversity as an asset recognises species-
level biodiversity as separate from ecosystems, ensuring ecosystems are not used as a 
surrogate for all biodiversity in accounting. Accounting for biodiversity as a service 
incorporates the traditional role of biodiversity in ecosystem service framework. 
Considering biodiversity as a good acknowledges both the role of commodity species in 
providing food and fibre and the role of species or groups of species in providing a final 
non-use good to people. Arguably most important is the role of biodiversity in the 
production processes that generate economic revenue and contribute to wider economic 
growth. We use the accounting terminology here, residual of production, to describe and 
classify the change to biodiversity as a result of production. This applies to all levels of 
biodiversity. Continuing to ignore this fundamental relationship between biodiversity and 
the economy will not provide sufficient information to manage that relationship, and 
therefore the long-term viability of biodiversity under economic growth projections. There 
are several advantages offered by including the four roles of biodiversity in accounting. 
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Biodiversity accounting offers the potential to evaluate the drivers of biodiversity change, 
economic dependencies on biodiversity, and the returns on investment from biodiversity 
management. Comprehensive biodiversity accounting will allow the impacts of current 
choices to be observed, from both an ecological and economic lens, to guide decision-
making in the future (United Nations, 1993; COP 2010; IPBES, 2013).  
 
Glossary *  
Benefit: in this context, used as a general term to denote the many ways that human 
wellbeing is enhanced through the processes and functions of ecosystems via ecosystem 
goods and services. 
Biodiversity: the variability among living organisms from all sources including, inter alia, 
terrestrial, marine and other aquatic ecosystems and the ecological complexes of which 
they are part; this includes diversity within species, between species and of ecosystems. 
Defined here following the 1993 Convention on Biological Diversity (CBD).  
Ecosystem assessment: a systematic evaluation of what is known about the status, 
trends and future trajectories of ecosystems focusing on the values and benefits that they 
deliver to humans.  
Economic asset: a thing that is owned that accrues benefit to its owner. 
Ecosystem asset: spatial areas containing a combination of biotic and abiotic 
components and other characteristics that function together (can be measured in either 
physical or monetary units). 
Ecosystem condition: the state of an ecosystem asset. 
Ecosystem extent: the area or size of an ecosystem. 
Ecosystem service: contributions of ecosystems to benefits used in economic and other 
human activity. 
Ecosystem good: directly delivers welfare gains and/or losses to people through goods. 
Environmental asset: naturally-occurring living and non-living components of the Earth, 
together constituting the bio-physical environment, which may provide benefits to humans. 
Expected (service) flow: an aggregate measure of the future expected (sustainable) flow 
of goods and services from an asset. 
Expenditure account: record of all investment in environmental management over a time 
period. 
Flow account: records the transfer of goods and services from stocks to be used in 
production or directly consumed. A flow could also be a measure of change in a stock. 
Good: the objects from ecosystems that people value through experience, use or 
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consumption, whether that value is expressed in economic, social or personal terms. 
Hybrid account: presents both physical and monetary units in one account. 
Monetary account: presents measurements in monetary units.  
Physical account: presents measurements in physical units such as volume, weight, and 
extent. To capture measures such as species diversity, indices may also populate physical 
accounts. 
Spatial units: define the scale at which data is collected and aggregated. Basic spatial 
units are the smallest area, usually a grid, to collect data. An ecosystem accounting unit is 
the area defining the scale of the ecosystem of concern.  
Species asset: either aggregated species or individual species (measured in either 
physical or monetary units).  
Species condition: the state of a species or a community of species. 
Species extent: the distribution of a species or community of species. 
Species goods and services: contributions of species (individually or in a community) to 
benefits used in economic and other human activity. 
Stock account: records the opening and closing state of an asset over an accounting 
period. 
*adapted from Mace et al. 2014 
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CHAPTER 3    IMPROVING POLICY EFFICIENCY AND 
EFFECTIVENESS TO SAVE MORE SPECIES: A CASE STUDY OF THE 
MEGADIVERSE COUNTRY AUSTRALIA 
 
Abstract 
 
Native flora and fauna species continue to decline in the megadiverse, wealthy, 
economically and politically stable nation of Australia despite current efforts in policy and 
management. Ongoing research is examining these declines, their causes and the 
adequacy of current policy, but strategies for improving the outcomes for threatened 
species have attracted less attention. We discuss several key aspects of Australia’s 
national threatened species management approach that potentially hinder the efficiency 
and effectiveness of management: the threatened species listing process is lengthy and 
biased; recovery plan development is resource intensive, restricted to a subset of species 
and often not effective; funding for threatened species management is not allocated 
efficiently or transparently; and management is not designed to incorporate uncertainties 
and adapt to changing future threats. Based on these issues we recommend four changes 
to current process: rationalise listing and assessment processes; develop approaches to 
prioritise species-based and threat-based responses cost-effectively; estimate funds 
required to recover species and secure longer term funding; and accommodate 
uncertainties and new threats into the current planning framework. Cost-effective 
prioritisation for species and threats identifies which actions are likely to achieve the 
greatest benefits to species per unit cost, thereby managing more species and threats with 
available funds. These improvements can be made without legislative reform, additional 
funding or socio-economic shifts. If implemented, we believe more Australian threatened 
species will benefit from current efforts. Many of the challenges facing Australia are 
analogous to issues in other countries including the United States, Canada and the United 
Kingdom and these recommendations could assist in improving threatened species 
management. 
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Introduction 
Policy interventions in Australia have been unable to halt the loss of species and prevent 
further extinctions (Environment and Communications References Committee, 2013; 
Garnett & Franklin, 2014; Woinarski et al., 2014). It is likely the challenges facing policy-
makers will be even greater with accelerating climate change, continued population growth 
and land-use change targeted towards increased food and fibre production (Millennium 
Ecosystem Assessment, 2005e). Considerable research has measured species loss in 
Australia, identified causes of declines and assessed the effectiveness of current 
management and policy (Short & Smith, 1994; Ford et al., 2001; Kelly et al., 2003; Moseby 
& Read, 2006; Kingsford et al., 2009; Steffen et al., 2009; Bottrill et al., 2011b; Evans et 
al., 2011; Garnett et al., 2011; Taylor et al., 2011; Watson et al., 2011; Woinarski et al., 
2011; Szabo et al., 2012; Walsh et al., 2012; Ritchie, 2013; Ritchie et al., 2013). The 
recently released Action Plan for Australian Mammals, for example, warns that as well as 
the highest modern record of mammalian extinctions, a large proportion of extant 
mammals are under threat and urges urgent and targeted actions to avoid further 
extinctions (Woinarski et al., 2014). Although Australia is not alone in experiencing 
unprecedented rates of extinction (Mace, 2005), it presents a compelling example of how 
efforts to manage threatened species in a megadiverse country can be ineffective in 
avoiding species loss despite economic wealth, relatively good governance and globally 
recognised scientific expertise. We believe this situation needs urgent attention so here we 
recommend four feasible ways to improve national management of threatened species in 
Australia. 
The need for improved threatened species management in Australia is urgent 
(Lindenmayer, 2008; Woinarski et al., 2014). Over 10% of mammal species (29) have 
already become extinct since European settlement in the late 18th Century (Woinarski et 
al., 2014) and 15% of remaining mammals are listed as Threatened (State of the 
Environment Committee, 2011). There is mounting evidence that small mammal 
populations in northern Australia - a region that is considered to contain the largest area of 
intact tropical savanna left in the world - are in rapid decline (Woinarski et al., 2011). Two 
species on Christmas Island in the Indian Ocean, a microbat (Pipistrellus murrayi) and a 
lizard (Emoia nativitatis), are now presumed to be extinct (Beeton, 2010; Woinarski & 
Cogger, 2013). The iconic Orange-bellied Parrot (Neophema chrysogaster) is close to 
extinction in the wild and 23 species of bird have become extinct and at least four other 
bird species are also possibly extinct since European settlement of Australia in 1788 
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(Garnett et al., 2011). The large majority of listed bird species continue to decline (Garnett 
et al., 2011). The few that have recovered (Gould’s Petrel Pterodroma leucoptera 
leucoptera and Lord Howe Woodhen Gallirallus sylvestris, for example) represent 
significant success stories of what can be achieved when adequate resources and 
expertise are applied. And compared to the counterfactual (Young et al. 2014) no doubt 
management has been effective in avoiding more serious declines. Nevertheless, where 
assessments are conducted, very significant proportions of once common widespread 
amphibians, reptiles and plants are found to be threatened with extinction (up to 52%, 37% 
and 30% respectively (State of the Environment Committee, 2011)). Outcomes to date 
indicate many species are becoming more threatened with few recovering (Watson et al., 
2010). The extinction of the Christmas Island Pipistrelle and the poor outlook for 
threatened species in general has been the subject of renewed debate. In response, the 
Australian Senate established an inquiry in 2012-3 into the effectiveness of threatened 
species management in Australia to which the recommendations in this chapter were 
submitted (Environment and Communications References Committee, 2013).  Recently 
the Australian Government also appointed a Threatened Species Commissioner with a 
mandate to prevent further extinctions (Environment Department 2014; 
http://www.environment.gov.au/biodiversity/threatened/commissioner). 
The major threats to threatened species in Australia include habitat loss, introduced 
species, inappropriate fire regimes, over-exploitation and disease (Evans et al., 2011). In 
the long term, protection and recovery of threatened species in Australia depends on 
trends in socio-economic drivers such as population growth, per capital consumption and 
economic growth (Millennium Ecosystem Assessment, 2005e; State of the Environment 
Committee, 2011), the strength of regulatory protection (Kingsford et al., 2009; 
Environment and Communications References Committee, 2013), the funds to enact 
protection and amelioration of impacts (McCarthy et al., 2008; Carwardine et al., 2012) 
and governance arrangements to ensure implementation (Hajkowicz, 2009; Morrison et 
al., 2010). Changing the level of any of these factors is a significant undertaking, requiring 
shifts in social and economic trends, increased political will, more funds and legislative 
reform. There are, however, gains to be made for threatened species that are feasible 
within the current policy arrangements and achievable in the short term at no extra cost. 
By improving the effectiveness and efficiency of Australia’s existing national approach to 
threatened species, we propose that the outcomes for threatened species can be 
improved and thereby the reach of current protection extended to more species. 
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Threatened species (synonymous with ‘endangered species’ in the United States) have 
been protected by national legislation since 1993 although evidence suggests more can be 
done to improve the current approach (Coates & Atkins, 2001; Possingham et al., 2002b; 
Bottrill et al., 2011b; Walsh et al., 2012). The current national legislation is the 
Environment Protection and Biodiversity Conservation Act 1999 (EPBC Act) and requires 
approvals for any activity likely to significantly impact nationally listed threatened species. 
In this way the federal government can regulate impacts from developments such as new 
mining, agriculture, housing estates etc. Threatened species habitat is also protected to a 
degree in the protected area network and under the Native Vegetation Framework 
(Environment and Communications References Committee, 2013). Threatened species 
are also protected under state and territory legislation. Recovery of nationally listed 
species is guided through Conservation Advices, a document assessing the status, threats 
and priority actions of each species or a Recovery Plan, a more comprehensive recovery 
framework. Recovery actions for threatened species are not automatically funded. There is 
no dedicated funding for threatened species (Environment and Communications 
References Committee, 2013) and the level of funding and the projects funded are 
dependent on governments’ environmental objectives and priorities.  
To date, the likely inefficiencies in threatened species management include the bias 
towards large, charismatic species in the listing and recovery process (Possingham et al., 
2002b; Walsh et al., 2012), the resource-intensive development of recovery plans (Walsh 
et al., 2012), the ineffectiveness of many Recovery Plans (Bottrill et al., 2011b), paucity of 
information on threatened species management effectiveness (Taylor et al., 2011), 
inherent uncertainties in threatened species management (Burgman et al., 1999; 
McDonald-Madden et al., 2010), politicisation of decisions (Morrison et al., 2010), a lack of 
long-term funding (Kirkpatrick, 2011) and the general lack of feasibility and cost 
considerations in prioritisation (Coates & Atkins, 2001; Possingham et al., 2002b; Joseph 
et al., 2009). In addition, these issues will need to be considered in the context of the 
synergistic and additive impacts of rapid climate change (Lindenmayer, 2008; Kingsford et 
al., 2009; McAlpine et al., 2009; Garnett & Franklin, 2014). Australian environmental 
programs have not yet incorporated adaptive management processes (Lockwood et al., 
2009; Morrison et al., 2010) to assist managers of threatened species and policy-makers, 
a major problem considering they are faced with unprecedented scenarios that will arise 
out of even the most optimistic climate change scenarios (Watson et al., 2013). 
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In this chapter we review these issues, all of which hinder the potential of national 
threatened species management in Australia. Based on our assessment, we make four 
recommendations: (1) rationalise the species listing and assessment systems, (2) prioritise 
cost-effective actions for species-based and threat-based responses, (3) estimate the 
resources required to recovery species and (4) invest in actions as part of adaptive 
management programs to incorporate uncertainties. These recommendations to improve 
the efficiency of the Australian threatened species management could be relevant to 
improving or creating threatened species legislation in other countries.  
Rationalise the assessment and listing of species  
Australia’s national environmental legislation aims to identify, classify and list species that 
are threatened with extinction so that threats are abated and recovery is undertaken. While 
the EPBC Act intends to encompass all aspects of biodiversity, the threatened species list 
is biased toward particular taxa and charismatic species (Walsh et al., 2012), reflecting 
social and economic preferences (Tisdell et al., 2007). This bias is also true of funding for 
NGO campaigns that focus on aesthetically pleasing species (Smith et al., 2010). Of 
Australia’s birds, amphibians and mammals 12-24% are listed as threatened, while only 
0.04% of known invertebrates are listed (under comprehensive listing this figure is 
expected to be 4000 times higher) (Walsh et al., 2012). Less than 8% of the species that 
are threatened might actually be listed (Walsh et al., 2012). Threatened species lists are 
designed to assess risk but often influence which species receive funding and regulatory 
protection (Farrier et al., 2007). The consequence of a biased list can be that it becomes a 
default prioritisation approach, without regard to unlisted species, recovery potential, costs 
of recovery or likelihood of success (Harvey et al., 2002; Farrier et al., 2007). A biased list 
can mean the number of species that receive attention will be less because more 
threatened species typically are more expensive to manage with smaller chances of 
successful recovery (Possingham et al., 2002b). This problem is common in other 
countries, including the United States of America (Metrick & Weitzman, 1996), Canada 
(Findlay et al., 2009) and the United Kingdom (Laycock et al., 2009). 
To resolve the issues around bias and incomplete lists, the process of listing species can 
be rationalised. Current listing efforts occur at many overlapping scales: global, national, 
state/province, often using different criteria. Firstly, guidelines for the IUCN Red List of 
Threatened Species and the current national list could be aligned. Current EPBC Act 
guidelines for listing differ from those of the IUCN in several small but important ways such 
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as omitting IUCN criterion Vulnerable D2 and category Near Threatened and including the 
category Conservation Dependent. Secondly, one consolidated listing process would 
immediately improve the timeliness of listing by avoiding duplication and the 
comprehensiveness of the lists. National listing will then benefit from assessments done at 
a global scale.  
Prioritise cost-effective actions for species-based and threat-based 
responses 
 
The two broad groups of approaches for prioritising species conservation are a species-
based response (targeting species-specific actions) (Joseph et al., 2009) and a threat-
based response (mitigating threats to benefit a group of species) (Carwardine et al., 2012). 
Site-based responses are inherently a location-specific version of one or both. 
Prioritisation, using one of these approaches, is part of the decision-making process. The 
efficacy of employing species-based responses versus a more landscape-wide, threat-
based response to threatened species management has been debated in the literature 
(Simberloff, 1998; Likens & Lindenmayer, 2012) and successive Australian governments 
have preferred one to the other. For example, a former Australian government actively 
moved away from the species-based response model to ‘a whole-of-ecosystem approach’ 
(Garrett, 2009). As there are many processes that threaten several species (e.g. feral cat 
predation, altered fire regimes (Evans et al., 2011)), there are likely to be benefits in 
managing threats to multiple species in the landscape (Carwardine et al., 2012). There are 
also risks associated with this approach as threatened species can require specific and 
sometimes conflicting management actions (Caughley et al., 1996). Both species-based 
and threat-based response actions can be prioritised using a cost-effectiveness analysis 
approach (Marris, 2007), where the expected benefit to the species is divided by the 
expected cost of the response action. Given that it is likely that a combination of these 
approaches is better that just one or the other (Likens & Lindenmayer, 2012), the following 
sections detail both the species-based and threat-based response to preventing 
extinctions and declines. 
A species-based response to prevent extinctions 
The current approach to species-based responses is an unsystematic actioning and 
funding of Recovery Plans and management based on Conservation Advices 
(Environment and Communications References Committee, 2013). Recovery Plans collate 
information about a species’ biology, distributions and threats and should identify 
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objectives of recovery and management responses within a set timeframe. Once the plan 
is adopted, stakeholders or the conservation agencies may use Recovery Plans to guide 
decisions about management actions for which to seek funding. Because state and federal 
governments had neither the time nor resources to meet their legislative commitment to 
produce recovery plans for all listed species, in 2007 it became at the discretion of the 
Minister to develop a plan. New, shorter documents called Conservation Advices have 
been developed for all nationally listed species (Commonwealth of Australia, 2010). Their 
effectiveness is yet to be determined but there is evidence that, to date, the more 
comprehensive Recovery Plans have rarely improved a species' status (Bottrill et al., 
2011b). 
Total conservation outcomes can be maximised for a limited budget if planning 
simultaneously considers ecology, technical constraints and economics for ranking 
management of species conservation actions (Weitman 1998, McCarthy et al., 2008; 
Briggs, 2009; Joseph et al., 2009; Szabo et al., 2009; McCarthy et al., 2010). An example 
of such an approach is the Project Prioritisation Protocol (PPP) (Joseph et al., 2009), a 
structured decision-making framework that utilises cost-effectiveness analysis. The 
highest-ranked projects are those with the largest expected conservation benefit per dollar. 
It considers the species’ values and the costs, benefits and likelihood of success of 
management actions. Joseph et al. (2009) demonstrated that this process, which has been 
implemented in New Zealand and in New South Wales in Australia, substantially increased 
the number of species that could be managed with the threatened species budget 
compared with ranking species by threat status or value alone. This process was rapid, 
inexpensive and transparent, took less than three years to develop and cost only 
NZ$600,000 to devise and rank actions for approximately 660 of New Zealand’s most 
threatened species (less than $900 per species). Each step in the approach and the 
resulting list of management priorities can be examined transparently, highlighting gaps in 
knowledge of the species and uncertainty in the success of threat mitigation. It also can 
provide a tool to evaluate successes, failures of management and research priorities.  
Threat-based response to prevent declines 
Threats to species and ecosystems pervade the majority of landscapes in Australia (Evans 
et al., 2011). For example, introduced herbivores and predators cover over 60% of the 
landscape, there are 400 alien invasive plant species (NRMMC, 2006) and 44% of 
Australia’s listed species are threatened by inappropriate fire regimes (Evans et al., 2011). 
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While threatened biodiversity often requires specific responses, restoring and maintaining 
intact landscapes across tenure types can be useful for managing threatened species and 
ecosystems and avoiding declines in more common ones (Woinarski et al., 2007). Broad-
scale threat management can be used alongside species- or ecosystem- specific actions 
to achieve overall conservation goals.  
Significant efforts are invested in threat-based management responses in Australia 
(DEWHA, 2009). However, these initiatives are rarely informed by cost-effectiveness 
approaches for prioritising when, where and how to implement mitigation actions based on 
expected benefits to biodiversity (Wilhelm-Rechmann & Cowling, 2011; Carwardine et al., 
2012). Hence, current efforts and funds could be spent more efficiently for achieving 
biodiversity outcomes. As with species prioritisation, a cost-effectiveness approach to 
threat management would indicate which mitigation strategies, in which locations, are 
likely to achieve the greatest benefits to species and/or ecosystems per unit cost, and how 
much it will cost to avoid species declines within a particular region. For example, an 
analysis of threat management strategies in the Kimberley region of north-western 
Australia estimated that the likely functional loss of 45 species across the region could be 
avoided with an investment of $40 million per year over 20 years, with an additional $95 
million in the first year, strategically spent on fire, introduced herbivores, predators and 
weeds (Carwardine et al., 2012). Threat-based approaches typically focus on existing 
threats, but there is an increasing need to consider the dynamic threat of climate change.  
There are significant opportunities for managing landscape-scale threats cost-effectively to 
improve threatened species persistence, without adverse impacts on existing economic 
land usage. Whilst at a global scale agricultural intensification is a major driver of 
biodiversity loss (Tilman et al., 2001), at a landscape scale agriculture can benefit from 
native biodiversity and in some instances also contribute to some aspects of biodiversity 
conservation (Tscharntke et al., 2005). With careful examination of the trade-offs and 
synergies between threat management, ecosystem services provision and production 
activity, threat-based responses can generate a range of co-benefits such as improved 
agricultural production, increased ecosystem services and opportunity for employment 
(Possingham et al., 2002a; Carwardine et al., 2011). For example, landscape-wide fire 
management can result in increased production, reduced carbon dioxide emissions, 
income opportunities for the local community and improved outcomes for threatened 
species (Carwardine et al., 2011). With a unified, defensible threat management 
prioritisation approach, Australia can maximise the maintenance of functioning landscapes 
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with intact species, populations and ecosystems (Watson et al., 2009). Further, it is likely 
to be much less expensive to protect existing healthy populations of species than to 
recover these species once they are declining or down to low numbers of individuals 
(Garnett et al., 2003).  
Estimate required recovery resources  
Although investment in the environment more generally has increased dramatically over 
the last few decades (Hajkowicz, 2009), Australia has followed the course of most 
countries and not allocated sufficient resources to biodiversity conservation to halt species 
declines (Balmford et al., 2003; Garnett et al., 2003; McCarthy et al., 2012). Australia is 
ranked in the bottom 40 countries in the world for the funding of its proportion of global 
biodiversity given its governance type, size and wealth (Waldron et al., 2013). Nor does 
Australia suffer from the impacts of corruption, which might limit the effectiveness of 
conservation attempts (Smith et al., 2003). A comprehensive estimate of the funds and 
efforts required to recover all threatened species in Australia and prevent further declines 
does not exist. An estimate of the total costs to undertake all species-specific management 
and threat-based management can be made evident by carrying out species-based and 
threat-based prioritisation analyses as described above. Partial funding, assuming all other 
necessary factors are in place, while often the reality, can only ever result in partial 
security of species. The diminishing returns of securing the most threatened and most 
difficult to recover species (Possingham et al., 2002b; Garnett et al., 2003) mean it might 
not be feasible to fully fund the recovery of all threatened species. Nevertheless, this 
should be explicit in funding decisions and on the public record so that the true 
consequences of these budgetary decisions and political priorities are clear (Miller et al., 
2002).  
The processes that result in a species becoming threatened often take decades. It follows 
that recovery can take just as long – quick fixes are rare. For example, it took over three 
decades of research and management to improve the status of the Noisy Scrub-bird 
(Atrichornis clamosus) (Danks, 1997). Threatened species projects are often not funded 
for a sufficient length of time to allow recovery (Kirkpatrick, 2011; Environment and 
Communications References Committee, 2013). For threatening processes, any gap in 
funding can undo much of the good work done previously. For instance, seedlings of the 
invasive prickly mimosa (Mimosa pigra) must be removed annually for at least ten years 
after removal of adults otherwise re-infestation cannot be prevented (Likitsch & Elliott, 
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2012). Guaranteed funding for threatened species projects for 8-10 years with rolling 
reviews and the potential for renewals may allow recovery programs to deal with problems 
at a scale commensurate with that needed to remediate most threats. 
Incorporate uncertainties with an adaptive management program 
Natural systems are complex, dynamic, and incompletely observable, which means 
uncertainty needs to be considered in decisions relating to managing natural systems 
(McCarthy et al. 2010). Australia’s environmental programs have so far lacked the 
mechanisms and sufficient funds to foster an adaptive management approach (Lockwood 
et al., 2009; Morrison et al., 2010; State of the Environment Committee, 2011). Within the 
planning process, uncertainty may arise because of lack of information about a species’ 
status (abundance, trends), lack of information about the benefit or probability of success 
of different management actions, or because of the inherent complexity, dynamism and 
unpredictability of the system. New threats, such as human-induced climate change, only 
exacerbate this. Such uncertainties can be accommodated in decision-making (McCarthy 
et al. 2010), but for planning processes to be effective into the future, management should 
be implemented as part of an adaptive, iterative framework that acknowledges these 
uncertainties and uses new information as it becomes available (Walters, 1986; Runge, 
2011).  
Within each iteration of the planning process, we recommend decisions be made using the 
best available information, based on the most likely outcomes, and with explicit statements 
of uncertainty. Outcome-focused monitoring should then be used to estimate the 
effectiveness of management actions, the current status and dynamics of species, and to 
identify new threats and management challenges. This should be integrated with prior 
information, ready for the next iteration of the planning process. Managing adaptively not 
only reduces uncertainty through time, but also assists with the challenges of managing 
dynamic systems and is particularly useful when facing unpredictable and irreversible 
effects of novel threats such as climate change (Conroy et al., 2011; Watson et al., 2013). 
It also helps focus research on aspects of the recovery process where a reduction in 
uncertainty will make the greatest difference to minimising risk. 
Discussion 
We have identified four major potential improvements to the effectiveness of threatened 
species management: rationalising listing, introducing cost-effective prioritisation of 
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management actions, increasing funding transparency and accountability for what can be 
achieved with those funds, and incorporating uncertainty. It has been shown that just 
implementing cost-effective prioritisation for nationally threatened species can increase the 
number of species managed by 15% (Joseph et al. 2009). That’s equivalent to 250 
Australian listed species. However, there are clearly many other facets of species recovery 
that can be improved to avoid extinctions (e.g. increasing funds and public engagement). 
Fortunately, evidence indicates that if funds are spent effectively, a relatively modest 
increase in Australia can make a real difference (McCarthy et al., 2010; Carwardine et al., 
2012). For example, one study showed that increasing the resources allocated to 
Australia’s threatened bird species from $3 million to $10 million per year could 
significantly reduce the number of species facing extinction over the next 80 years 
(McCarthy et al. 2008). Approximately 70% of Australia is under private tenure, and many 
threatened species depend on non-federal land for habitat (Natural Heritage Data Centre 
Network, 1993). This means that the success of implementing any federal Act is 
contingent on how well people are engaged in and support species management (Brook et 
al., 2003; Stokstad, 2005; Balmford & Cowling, 2006; Cocklin et al., 2007; Knight et al., 
2011a). Other challenges to address include: assessing the most effective governance 
arrangement to implement threatened species interventions (Hajkowicz, 2009);  assessing 
the best ways to tackle pervasive threats like cat predation (Woinarski et al., 2014); 
analysing how funds should be divided between ecosystem and species-based responses 
(Likens & Lindenmayer, 2012); and, determining how many extinctions will be avoidable if 
the drivers of change continue on their trajectory (Millennium Ecosystem Assessment, 
2005e). Whilst addressing these challenges are key to improving the overall capacity of 
threatened species management to save species, the recommendations in this chapter will 
help reach the potential of what can be implemented immediately with available policy 
provisions and funds. 
Although developed to address specific issues in Australia, we believe these 
recommendations could be useful for other countries with threatened species legislation. 
The United States of America, for example, faces very similar challenges to Australia, with 
continuing threats to species, increasing numbers of listed species and few recoveries, 
inherent and increasing uncertainties, non-transparent species prioritisation and a 
constrained budget (Rohlf, 1991; Restani & Marzluff, 2001; Stokstad, 2005). In the United 
States, species whose recovery conflicts with economic interests receive a higher priority 
(Restani & Marzluff, 2001). This effectively increases the economic burden of species 
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recovery (Restani & Marzluff, 2001). The Endangered Species Act has the potential to 
conserve more species with available funding if species that cost less to recover were 
prioritised (Brown & Shogren, 1998), rather than those that cost more, as is the current 
approach (Restani & Marzluff, 2001). Australia may potentially also learn from the 
successes of the Endangered Species Act experience in the United States where a higher 
number of species have a recovery plan (83% of the species listed by the United States 
Fish and Wildlife Service and 32% by National Marine Fisheries Service compared to 31% 
by the EPBC Act) and more species have their critical habitat protected (44% compared to 
0.3%) (Suckling & Taylor, 2005; Walsh et al., 2012; DoE, 2013b, a; USFWS, 2013). The 
relative effectiveness of the Endangered Species Act and the EPBC Act in species 
recovery needs further investigation before any clear lessons can be deduced. 
Australia is well placed economically to fund and manage biodiversity. Spending available 
funds cost-effectively using the best available information should improve the success of 
threatened species management. Future biodiversity efforts should aim to avoid the 
criticism of previous biodiversity programs, that is that there has been no discernible 
outcome for the public expenditure (ANAO, 2008). Successful recovery has certainly 
occurred in Australia. Adopting rational, transparent, cost-effective decision-making and 
implementation of conservation management responses could increase the number of 
these successes and help avoid further extinctions.  
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CHAPTER 4    BIODIVERSITY EFFICIENCY – A NEW METHOD TO 
IDENTIFY OPPORTUNITIES FOR IMPROVED OUTCOMES FOR 
BIODIVERSITY IN THE AGRICULTURAL SECTOR 
 
Abstract 
 
Aim 
Efforts to conserve biodiversity are increasingly focused on the ways the agricultural 
landscape could complement the role of protected areas. Yet issues of food security and 
economic development mean it is unlikely that the goals of biodiversity conservation will 
take precedence over agricultural production. Therefore we aim to develop a method to 
assess which agricultural industries (and individual producers) can deliver improved 
outcomes for biodiversity conservation with little or no cost to agricultural production. We 
introduce and illustrate a method to measure biodiversity efficiency – the capacity for 
producers and whole industries to improve their biodiversity outcomes without impacting 
profitability – to show where opportunities exist for better outcomes for biodiversity in 
agricultural landscapes. 
Location 
The study area, in north-east Australia, makes up approximately 20% of the Great Barrier 
Reef catchment. Most of the terrestrial area is under agricultural activities. 
Methods 
We adapted traditional production efficiency analysis to include biodiversity by 
characterising biodiversity as an input to production. These biodiversity inputs are the 
impacts of production rather than inputs used in production. We calculated the biodiversity 
change to profit ratio (input-outputs) for a sample of producers within each agricultural 
industry. An efficiency frontier was defined by the samples from the individual producers 
with the lowest biodiversity impacts relative to profit. We assessed the biodiversity 
efficiency of each industry and the potential for improvements in biodiversity outcomes by 
averaging the difference between the sample of producers and this efficiency frontier.  
Biodiversity ‘inputs’ were measured as the change in local species richness modelled 
using the species-area relationship. The ‘outputs’ of agricultural production were estimated 
from a spatial profit layer. Data for profit were only available for the 2005-2006 period.  
Result 
This biodiversity efficiency analysis was able to detect which industries have the potential 
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to improve biodiversity outcomes without reducing profitability. In this case study, Industry 
C was the most biodiversity-efficient agricultural industry and Industry D was the most 
inefficient. Although Industry D offered the greatest opportunity for increased efficiency, 
this industry occupies a relatively small proportion of the study area. Industry A and B are 
the most extensive (covering >90% of the study area). Industry A presents the greatest 
opportunity for widespread improvements for biodiversity (approximately 30% potential 
increase in efficiency on over 60% of the study area). 
Main conclusion 
We present a generic method for determining if there are large-scale opportunities for 
improving outcomes for biodiversity within the agricultural sector without reducing 
economic outputs. It does not indicate which industries are the most sustainable, since an 
efficient industry can be causing a high biodiversity impact per unit profit or have low 
stocks of biodiversity. What it shows is where improvements in the biodiversity change to 
profit relationships are possible. In this case study the opportunities could be vast where 
an inefficient industry such as Industry A occupies the majority of the area. A measure of 
biodiversity efficiency can be used by individual producers to compare their performance 
against the rest of the industry, allow industries to report on biodiversity impacts and plan 
for improvement, and by land-use planners to identify areas where win-wins for improved 
biodiversity outcomes and continued agricultural production are possible.  
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Introduction 
 
There is increasing concern that biodiversity cannot be practically conserved within the 
existing (or even expanded) protected area system (Polasky et al., 2005; Venter et al., 
2014). This raises the question of whether biodiversity can be adequately conserved in the 
agricultural landscape (Green et al., 2005; Norris, 2008). Agriculture makes up 40% of the 
world’s land surface (Foley et al., 2005) and represents an enormous opportunity to 
improve the outlook for many species and communities (Perrings et al., 2006; Norris, 
2008; Polasky et al., 2008; Wilson et al., 2010). The challenge is for these hopes to be 
realised while maintaining the food and fibre production, which is necessary to meet global 
food demands (Green et al., 2005). To assess this challenge, we need to know the 
capacity for the agricultural sector, and the industries operating within it, to improve 
outcomes for biodiversity without impacting production. Only by knowing where, by which 
industries, and by how much biodiversity outcomes could be improved can it be 
determined whether these opportunities are real.  
 
One method for assessing the relationship between biodiversity outcomes and agricultural 
production is the biodiversity impact per unit profit. This uncovers which industries have 
the least impact on biodiversity for the same profit. However, this is only useful if the 
objective is to modify land-use configuration by increasing more of the low impact industry 
and less of the high impact industry to change the overall outcome for biodiversity (Green 
et al., 2005; Polasky et al., 2008). This is very difficult to achieve. In most parts of the 
world, the land-use configuration is driven by markets and demand for products, not by 
regulation. It is also impossible to impose a land use where it may not be suitable, as 
determined by fixed abiotic attributes such as soil and rainfall. In order to estimate the 
potential improvements for biodiversity within the existing agricultural land-use 
configuration that does not adversely impact on production, we introduce a new method, 
biodiversity efficiency analysis. This method adapts traditional production efficiency 
analysis in order to obtain a measure of how biodiversity-efficient a producer and industry 
is. Biodiversity efficiency in this context is the capacity for producers and whole industries 
to improve their biodiversity outcomes without impacting profitability. 
 
Traditional production efficiency analysis, from which this biodiversity efficiency method is 
derived, assesses the efficiency with which production converts inputs into outputs (Figure 
4.1). It uses a production possibility curve (frontier) to determine the maximum outputs 
possible given available labor and capital. The production possibly frontier might represent 
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how much of one output is possible from one input (sole use), how to maximize multiple 
outputs (mixed use) or minimize multiple inputs (Figure 4.2). For example, the fishing 
industry seeks to catch a fixed quota for the least cost or maximise the catch per unit effort 
(Pascoe & Coglan, 2002; Tingley et al., 2005) (Figure 4.2). Equally, a producer could be 
interested in maximising multiple outputs or minimising multiple inputs (Figure 4.2). In the 
case of multiple outputs the production possibility frontier becomes a trade-off curve. The 
curve (rather than a straight line) results from the fact that most outputs are not 
substitutable because producing more of one output uses a different amount of inputs than 
the other. This study uses assumes a sole use perspective in that there is one output, 
profit, and one input, biodiversity change. Points under the production possibility frontier 
result from an inefficiency in production.  
 
Beyond traditional productivity analysis, ‘environmental’ inputs and outputs can be 
incorporated into an environmental efficiency analysis. Depending on the industry this can 
entail including environmental inputs, for example biological resources such as forests 
(Kao et al., 1993), and environmentally detrimental inputs, for example pollutants such as 
nitrogen and phosphorus (Reinhard et al., 2000) (Figure 4.1; Figure 4.2). Outputs that 
need to be minimised such as pollutants, for example from the pulp and paper industry or 
CO2 emissions from electricity generation, can also be characterised as undesirable (Färe 
et al., 1996; Hailu & Veeman, 2001) (Figure 4.1; Figure 4.2). The environment is included 
in these efficiency analyses to assess if (and to what extent) it is possible to reduce 
environmental impacts per unit output from the production process. These inputs and 
outputs can be measured as physical units or in monetary currency.  
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Figure 4.1 a) Traditional production efficiency analysis assesses rate of production of goods and 
services (outputs) relative to factors of production such as labour and capital (inputs). b) Environmental 
efficiency analysis incorporates inputs and outputs related to environmental degradation. For example, 
nitrogen and phosphorus can be considered as environmentally detrimental inputs. Pollution and waste 
can also be considered undesirable outputs. c) Biodiversity efficiency can be characterised as the 
change in biodiversity (inputs) relative to goods and services (outputs).  
We propose to assess the biodiversity efficiency of industries building upon the concept of 
environmental efficiency. Biodiversity efficiency is a measure of the potential to reduce the 
biodiversity impact (input) generated per unit of output (profit in this case). Biodiversity is 
not considered an input into production in the traditional sense i.e. an input that affects 
output production, but treated as in other environmental efficiency analyses, where inputs 
are negative changes and outputs are positive changes caused by production. If these 
inputs or outputs are freely disposable i.e. they do not cost anything to dispose of and 
therefore do not affect profit, they do not violate the assumptions of traditional production 
efficiency analysis. For the purposes of this chapter we characterise biodiversity loss as an 
undesirable input because it is potentially more intuitive to conceive production activities 
wanting to minimise biodiversity impacts rather than maximising biodiversity outputs. As 
such any increases in biodiversity efficiency would reduce biodiversity loss (Figure 4.2). 
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Figure 4.2 Production efficiency analysis (Farrell 1957, Chung et al. 1997). The red dot is an example 
producer. The curve is the efficiency frontier of the entire industry. Efficiency analysis can demonstrate 
the degree to which efficiency could be increased by a) reducing inputs or maximising outputs, b) 
maximising multiple outputs, c) minimising multiple inputs or d) minimising an undesirable output. 
In this chapter we apply this new method by estimating the biodiversity efficiency of the 
agricultural sector in a large part of the Great Barrier Reef catchment. As only one year of 
profit data was available (2005-2006), it is not the intention to generate results to inform 
policy and practice but to use them to demonstrate the potential application of this method. 
By identifying ‘biodiversity inefficient’ industries within the agricultural sector we can 
demonstrate where there is capacity to improve biodiversity (using species richness as a 
proxy) without necessarily impacting profitability. Inefficiencies occur where several 
producers have a much higher biodiversity loss relative to profit than other producers 
operating under the same conditions. The producers are located far from the efficiency 
frontier (Figure 4.3). Efficient industries are where most of the producers are near or on 
the efficiency frontier – i.e. most producers are impacting the observed minimum amount 
of biodiversity across the profit range (Figure 4.3).  
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Figure 4.3 a) An industry where many producers are inefficient and b) an industry where many 
producers are efficient. Red dots are individual producers. 
Biodiversity efficiency is a potentially new industry-wide standardised measure of 
performance akin to environmental efficiency (Tyteca, 1996). We assess the spatial extent 
of these opportunities to determine whether changes in efficiency have the potential to 
impact many species across large parts of their range and gauge the potential spatial 
scale of improvements to biodiversity outcomes in the agricultural landscape.  
Methods 
Study area 
 
The study area is located within the Great Barrier Reef catchment in north-eastern 
Australia (Figure 4.4). It is 74,452.5km2 in area and encompasses two Interim 
Biogeographic Regionalisation of Australia (IBRA) areas, Central Mackay Coast and 
Brigalow Belt North, which are geographic districts delimitated according to climate, 
geology, landform and native vegetation. It is an important area from a land management 
standpoint as it drains into the Great Barrier Reef World Heritage Area. 
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Figure 4.4 Map of Australia and the study area (in grey). The study area is adjacent to the Great Barrier 
Reef. 
Biodiversity measure 
 
The species-area relationship (eqn 1) is widely considered a robust, broad-scale model 
explaining and predicting how species richness changes with area (Holt et al., 1999; 
Lomolino, 2000; MacArthur and Wilson 1967).  𝑆 = 𝑐𝐴!,      eqn 1 
where S is species richness, c and z are constants and A is the area of habitat. 
This relationship has been used widely to estimate biodiversity loss (i.e. the proportion of 
species remaining in a habitat) (Brooks et al., 1997; Brooks et al., 1999; Brooks et al., 
2002; Thomas et al., 2004) (eqn 2). We also use this species-area relationship to infer the 
proportion of remaining species occupying habitat. I focused on woodland and forest 
dependent non-aquatic species of all taxa as a proxy for biodiversity. The current area of 
habitat (𝐴!"#)  was calculated using remotely-sensed data of forest and woodland cover 
(refer to forest cover data below) (Furby, 2002) (eqn 2). 
 
The original area of vegetation (𝐴!"#$)  was derived from pre-clearing woody vegetation 
mapping, developed from photographs and field surveys of vegetation communities 
(Neldner, 2012).  
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The measure of the proportion of remaining species can be calculated as !!"#!!"#$ = 100(!!"#!!"#$)!.!" ,    eqn 2 
where 𝐴!"# is the area of habitat at a specified time and 𝐴!"#$ is the pre-clearing area. 
Similarly, 𝑆!"#   is the number of remaining species and 𝑆!"#$ is the pre-clearing species 
richness. The constant c is cancelled out by division. We set z at 0.25 which is the value 
commonly used for fragmented habitats on the mainland (Pimm et al., 1995; Rosenzweig, 
1995; Rosenzweig & Clark, 1995; Brooks et al., 2002; Thomas et al., 2004; Nelson et al., 
2009). We multiplied the equation by 100 so the resulting measure of species richness is a 
value between 0 and 100. This estimated the proportion of remaining woodland and forest 
dependent species (!!"#!!"#$), which we used as a proxy for biodiversity. This method did not 
target a particular taxon so broadly includes all terrestrial biodiversity. 
 
When considering utilizing the species-area curve for some practical purpose it is 
important to understand that there are now at least three mechanisms thought to cause 
the relationship between area and species richness. The first is the well-known theory of 
island biogeography mentioned above, which states that the number of species on an 
island is related to the size and isolation of those islands because colonization and 
extinction rates will be different depending on these factors. Because the larger islands will 
have lower extinction rates (because they can support bigger populations) they will have a 
higher number of species than smaller islands (McArthur and Wilson 1967). Another 
reason a larger area may have more species is simply because larger islands have a 
higher diversity of habitats and therefore species (Rosenzweig 1995). The third cause is 
the random/passive sampling theory. Simply, the more you look, the more you find 
(Coleman et al. 1982). Which of these mechanisms is driving the relationship will help 
guide how we set A and z in the species-area curve. Rosenzweig in his seminal work 
(1995) concluded that on the mainland the species-area curve was determined more by 
the greater of diversity of habitats and islands where influenced both by the diversity of 
habitats as well as the affect of the size of the island on population dynamics (ie smaller 
islands had a higher probability of extinction). 
 
The species-area curve has shown to have different shapes according to whether it’s an 
island or the mainland and what taxon or group of species is being measured (Rosenzweig 
1995). The shape is defined by the z and c constants of the species-area curve. The 
mechanisms driving the species-area relationship on islands is slightly different from those 
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on the mainland and as such studies have shown that the z value for islands is higher 
(0.25-0.33) than on the mainland (0.13-0.18) (Rosenzweig 1995). Most mainland studies 
investigating fragmented habitats found that patches had become ‘island habitats’ and the 
processes underway more closely reflected an island than contiguous habitat.  As such 
species-area curves for fragmented habitats use a z score of 0.25 (Pimm et al. 1995, 
Rosenzweig 1995, Rosenzweig and Clark 1995, Brooks et al. 2002, Thomas et al. 2004). 
We will similarly use a z of 0.25. 
 
Defining z has been the subject of many studies and although c remains understudied 
(Lomolino 2000), it is less important as it is cancelled out in our equations (equ 2). This 
does assume that c, which can be considered some weighting of A, is constant as A 
changes. In plainer terms, c could be expressed as a metric reflecting the condition of the 
habitat variable, A. Indeed, we know the condition of habitats greatly varies over time and 
space. It would be an advancement on this model to include an estimate of c. In lieu of a 
sensible estimate we assume c is constant as done in other such studies (Pimm et al. 
1995). 
 
The extensive scientific investigation into this relationship has identified limitations in the 
application this curve. One of the main findings of testing the predictive powers of the 
species area curve is that it does not predict equally for all species. For example, at large 
scales such as biomes and countries the species-area curve will predict the relationship 
between area and endemic species (Pimm and Askins 1995, Brooks, Mittermeier et al. 
2002). At small scales, such as sub-regional, the curve cannot predict global extinctions, 
as there is invariably habitat elsewhere unless it is a very small unique system. In the 
cases of smaller scale studies the interest is not in measuring extinctions per se but local 
extinctions or local reductions in species richness. Species richness predictions based on 
the species-area curve generally confine their analysis to species that are restricted to the 
region of concern or are dependent on the specific habitat measured (Pimm and Askins 
1995, Pimm et al. 1995, Brooks et al. 1997, Harte and Kinzig 1997, Kinzig and Harte 2000, 
Brummitt and Lughadha 2003, Ponce-Reyes et al. 2012). In this analysis, where we are 
concerned with small-scale changes in species richness we restrict the analysis to 
woodland and forest dependent species.  
 
The species-area curve is not without its limitations. The reliability of the predictive powers 
of the species-area curve has questioned, because it over-estimates extinctions resulting 
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from habitat change (He and Hubbell 2011) and because area is not the only variable 
affecting the presence of species. Habitat quality, the presence of threats like pests 
(Brooks et al. 2006), over-exploitation of species (Pimm et al. 2001), fragmentation, patch 
size and isolation (Andrén 1994) would all affect species persistence in a region. What has 
been concluded is whilst those factors are likely to have some influence area explains the 
greatest majority of the variation in species richness (Radford et al. 2005) and the 
performance of the curve has held up through years of rigorous testing and investigation. 
Interpreting the results of predictions using the species-area curve must be done with 
consideration to one further issue. There appears to be a time lag between when the area 
is changed and the corresponding change in species richness (Brooks et al. 1999). These 
species have been named the ‘living dead’ because although they still persist there is 
insufficient habitat for their long-term survival (Diamond 1972, Janzen 1986). The 
advantages of using this approach is that despite these limitations is has been found to 
have good predictive powers (Thomas et al. 2004) and can provide a time-series of 
change without relying on monitoring data for a measure of species richness.  
 
In this analysis we were primarily concerned with biodiversity change at the property scale. 
In many other studies using a similar approach (i.e. species-area relationship to estimate 
remaining species richness) the scale of interest is countryside- and regional-scale 
(Brooks et al., 2002; Nelson et al., 2009). In these cases the scale of interest is set (i.e. a 
catchment, state, or hotspot), and the change in habitat area is calculated and the species-
area relationship applied. The resulting measure is assigned to the entire area of interest. 
This has limitations for sampling smaller parts of the area of interest. We therefore used an 
approach that can generate an estimate of species-richness change at any scale. As 
species richness at any point is influenced by the area of habitat in the surrounding 
landscape (Fahrig, 2013), we firstly measure the area of remaining habitat in the 
landscape surrounding each 1ha cell using a spatial map of forest and woodland (see 
below). The extent of the surrounding landscape included should be driven by the scale of 
interest. For example, if the study seeks to estimate the proportion of local extinctions in 
each local catchment, then the extent of surrounding landscape included in the area of 
remaining habitat estimate should be the catchment-scale. As our scale of interest was the 
property-scale, we set the extent of surrounding landscape to be included at 25km2, the 
average property size for the Great Barrier Reef catchment. We compared this with the 
pre-clearing area. We created a raster layer of biodiversity values in Arc GIS 10, using the 
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proportion of area remaining in the surrounding landscape !!"#!!"#$  in eqn 2 to generate a 
biodiversity measure for each 1ha cell (see Appendix S4.1). This created a continuous 
surface of the proportion of local species richness remaining in the study area across the 
entire landscape for each year there is forest and woodland cover data. This can be 
sampled at various scales (regional, catchment, property). To test the sensitivity of the 
results to scales of interest we also analysed the average biodiversity in 2006 at smaller 
and larger scales (including 6.25km2, 100km2 and 400km2). 
 
Time-series data for area of habitat was obtained from the National Carbon Accounting 
System (NCAS) (Furby, 2002). This data series maps Kyoto compliant forest (>0.2ha and 
>20% crown cover) for the years 1972, 1977, 1980, 1985, 1988, 1989, 1991, 1992, 1995, 
1998, 2000, 2002, 2004-2009, 2011. The area of original habitat was derived from the 
National Vegetation Information System (NVIS) ‘pre-clearing’ Major Vegetation Mapping 
(National Land and Water Resources Audit 2001). In order to compare NVIS with the 
NCAS data the NVIS map was restricted to forest and woodland (e.g. all grasslands were 
excluded).  
 
The long-term trend in biodiversity in the study area was tracked by measuring the 
average biodiversity across all 1 ha cells in the biodiversity raster for the years 1972, 1977, 
1980, 1985, 1988, 1989, 1991, 1992, 1995, 1998, 2000, 2002, 2004-2009, 2011. We 
calculated the stock of biodiversity in 2006 for each agricultural industry group (identified 
below) as well as the proportion of the study area occupied by each agricultural industry.  
Biodiversity inputs for the year 2006 were estimated by calculating the change in 
biodiversity between 2005 and 2006. We generated a separate raster layer with each cell 
indicating the biodiversity change between 2005 and 2006. 
Profit 
 
Outputs were measured as agricultural profits. The agricultural profit layer used in this 
analysis was derived from a raster layer of profit per ha at a 1km2 resolution (Marinoni et 
al., 2012). This layer had been created for 2005-2006 combining information based on a 
land-use layer, the Australian Bureau of Statistics agricultural census on commodities 
produced, average commodity price, and average farm costs (Marinoni et al., 2012). This 
was the only year for which there was profit data so the analysis was based on this period. 
 
Many of the profit data were negative, which is not an unexpected result for a single year 
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measure of profitability for agricultural activities in Australia due to the variability in 
seasons, rainfall and market conditions. We adjusted all values by +$50,000 to make all 
values positive. The efficiency plots are therefore comparative only. The profit figures were 
re-adjusted to estimate the mean annual profit for each industry.  
 
The vast majority of the area is Industry A,B,C and D (Figure 4.4). Of these Industry A is 
the most dominant agricultural industry (Table 4.1). Fruit tree-based production was 
excluded from the analysis because the NCAS forest and woodland data did not 
distinguish between native trees (used in the species-area relationship calculation of 
species richness) and fruit trees, which would not contribute to the species-area 
relationship.  
Sampling 
 
Input-output data were generated for between 239-459 properties for each of the four 
industries. Data were not available for individual properties within the study area. 
Therefore, rectangular, property-sized polygons were used to sample the biodiversity and 
profit layers. The size of each polygon was based on the average property size for that 
industry, estimated from the Australian Bureau of Statistics Agricultural Census (ABS, 
2012) for the Great Barrier Reef catchment (see Table S4.2.1 in Appendix for details). To 
generate input and output data for properties for each industry, each polygon was placed 
randomly (but not overlapping) on the raster layers (biodiversity change and profit). 
Between 5-10% of the area of each industry was sampled. 
 
Inputs were measured as the average biodiversity change between 2005 and 2006 within 
the extent of the property polygon. To include biodiversity as an input the negative 
changes in biodiversity needed to be positive values. Therefore we took the inverse so the 
negative changes were positive (inputs) and the positive changes were negative. In the 
context of this analysis these negative values were negative inputs and therefore outputs 
of production. Profit outputs were measured by taking the average per hectare annual 
profit for the extent of each property polygon and multiplying it by the average size of the 
properties (in ha) to produce an estimate of the profit per property.  
 
In addition for each industry across the entire study region (i.e. for each cell) we calculated 
the average per property profitability for 2005-2006 (by multiplying the average per ha 
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profit by the average property size), the average change in biodiversity, and biodiversity 
change per unit profit between 2005 and 2006 and average stock of biodiversity for 2006. 
Efficiency analysis 
 
We analysed the efficiency of industries with Data Envelope Analysis (DEA) in the R 
package ‘Benchmarking’ (Bogetoft & Otto, 2010). Date Envelope Analysis uses linear 
programming methods to draw a non-parametric, piece-wise frontier (Coelli et al., 2005) 
over a sample of input-output values to produce an estimated efficiency frontier. The input-
output values in this analysis are the biodiversity input and profit output data for each 
sampled property. The rate at which outputs change relative to change in inputs is referred 
to as the ‘returns to scale’ (Bogetoft & Otto, 2010). The returns to scale are specifically 
with respect to the quantity of biodiversity present on a property. Whether this rate is 
decreasing, increasing, constant or variable, determines the shape of the frontier (Bogetoft 
& Otto, 2010). Variable returns to scale was assumed for this analysis, which meant each 
property (in this case) can exhibit differing returns to scale (see S4.3 in Appendix).  
A Farrell efficiency measure (Farrell, 1957) was employed to estimate individual property 
efficiency by calculating the distance from the property input-output co-ordinates to the 
frontier  (Coelli et al., 2005) (Figure 4.2). Farrell efficiency measures are a number 
between 0-1 where 1 is the frontier (fully efficient) and measurements under 1 are the 
proportional distance of the property to the frontier (inefficient) (Coelli et al., 2005). All 
producers have the potential to be fully efficient (efficiency = 1). If an industry has a 
biodiversity efficiency of 0.9, for example, it implies the industry can increase their 
efficiency by 0.11 (or add another 11% efficiency). Industry-wide efficiency is the average 
efficiency of all randomly selected simulated properties. The simulated properties were 
compared within the same IBRA region to ensure that other variables such as climate and 
geology that influence the relationship between profit and biodiversity were controlled for.  
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Results 
 
Terrestrial biodiversity as estimated by the species-area relationship in the study area has 
been in decline for most of the record period (1972 -2011) (Figure 4.5).  
 
 
Figure 4.5 Biodiversity trends in the study region (average of all cells) from 1971 to 2011 (stocks of 
biodiversity). The focus years, 2005 and 2006, are in yellow. Stocks of biodiversity are measured as the 
average proportion of species remaining in the study area (0-100).  
The pattern of biodiversity stock levels for 2006 across the four agricultural industries was 
similar at smaller scales (Figure 4.6). The pattern became less apparent at larger scales 
(Figure 4.6). The rank pattern (i.e. highest to lowest of biodiversity measures) was the 
same for 6.25 km2 and 25km2 as was the relative difference between industries. At larger 
scales the ranks change (as seen by Industry C having more biodiversity than Industry A) 
and the relative difference between all the industries diminished (Figure 4.6). As the scale 
of the measure increased, it incorporated more of the landscape into the measures and 
therefore we expect to see measures for the different industry groups converge. The 
pattern of the biodiversity stocks for each industry observed at scales less than 100km 
was robust to changes across multiple scales. Therefore whilst we used 25km2 because it 
matched our objectives (i.e. measuring change at property-scale), changing scale is 
unlikely to greatly change the results, particularly at smaller scales below 400km2. 
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Figure 4.6 Average biodiversity stock (0-100) in 2006 for each industry group across the study area for 
four different spatial scales.  
Industry C is the most biodiversity-efficient industry over the period 2005-2006 (Figure 
4.7;Table 4.1) when averaged across all properties. This means Industry C currently has 
the lowest potential for improving outcomes for biodiversity. It also has the second lowest 
stock of biodiversity, negative biodiversity change per unit profit (which implies the high 
efficiency is not because of good practice) and occupies a very small fraction of the study 
area (Table 4.1). Industry D is the most efficient (Table 4.1; Figure 4.7) although unlike the 
other industries the average biodiversity change per unit profit associated with Industry D 
is positive (Table 4.1). This means on average Industry D resulted in a small (~1%) 
increase in biodiversity for the period 2005-2006 (Table 4.1). Whilst there is potential to 
improve this even further it occupies only a fraction of the study area (1.6%, Table 4.1). 
The industry that occupies the greatest area in the study area, Industry A, is the second 
most inefficient (Figure 4.7; Figure 4.8; Table 4.1). It has the potential to increase efficiency 
by 30% (Table 4.1). 
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Figure 4.7 Estimated efficiency frontier for agricultural industries a) Industry A, b) Industry B, c) Industry 
C, d) Industry D. Red dots represent the amount of biodiversity used or consumed as an input relative 
to the profit generated at the scale of individual properties. Negative values of biodiversity input indicate 
that biodiversity is being generated rather than being used.  Inefficiency increases with the distance 
along the x-axis between the red dots and the frontier.  Dots clustered at the frontier indicate an on-
average efficient industry and dots spread along the x-axis indicate an inefficient industry i.e. a longer 
average distance between the dots and the frontier.  
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Table 4.1 Biodiversity efficiency rank and measures of industry groups in the study area for the period 
2005-2006. Supporting information including the annual profit, biodiversity change, biodiversity stock 
and biodiversity change per profit for the same period.  Biodiversity efficiency = the capacity for 
producers and whole industries to improve their biodiversity outcomes without impacting profitability. 
Closer to 1= more efficient = lower capacity to improve, closer to 0 = more inefficient = higher capacity 
to improve. 
Industry 
Per cent 
of area* 
(%)  
Efficiency 
rank** 
Efficiency** 
 
Potential 
biodiversity 
efficiency 
increase** 
 
Annual 
profit 
(average 
per 
property)* 
Biodiversity 
Change* 
Biodiversity 
stock  
(0-100)* 
Biodiversity 
change /profit 
(biodiversity 
per $100,000 
profit)* 
C 2 1 0.925 
0.075 
(11%) 
$201,713 -0.0620 47.40 -0.03 
B 32.6 2 0.884 
0.116 
(13%) 
$80,821 -0.8834 73.63 -1.09 
A 63.8 3 0.777 
0.223 
(29%) 
$166,572 -0.0123 49.07 -0.01 
D 1.6 4 0.550 
0.45 
(82%) 
$101,315 1.0623 21.74 1.05 
* Target area is the extent of land under each agricultural industry assessed in this analysis. 
 
 
Figure 4.8 Biodiversity efficiency of each industry in the study area (Industry C=0.925, Industry 
B=0.884,Industry A=0.777, Industry D=0.550). White areas are land uses beyond the scope of this 
study. Biodiversity efficiency of each industry is the average of the biodiversity efficiencies of all 
producers with that industry. 
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Discussion  
 
If the agricultural sector is to make a meaningful contribution to biodiversity conservation 
there is a need to understand its capacity to improve outcomes for biodiversity. The 
generic method we developed is founded in productivity economics but adapted to account 
for the interaction between biodiversity and production. We introduced and tested this new 
concept – biodiversity efficiency. This does not reveal which industry is good for 
biodiversity and which is bad. This is a measure of the capacity for biodiversity outcomes 
to be improved without impacting profitability. We found for this case study that most of the 
industry activity in the study area is biodiversity-inefficient, meaning industries could 
increase biodiversity outcomes without impacting profitability. Although the scale of 
improvements for the least efficient industry (Industry D) might be limited by its restricted 
distribution, there is potential to add almost 30% efficiency to Industry A (i.e. reduce 
biodiversity loss from the activities associated with this industry) across more than 60% of 
the study area. There are few opportunities for improvement in the production of Industry 
C for biodiversity because it is highly biodiversity-efficient. This is because each producer 
is using similar levels of biodiversity inputs, no one producer performing much better than 
the rest, implying that they are all at the limit of what is currently possible. A change in 
biodiversity inputs for Industry C would require a technological advance, compensation 
payments for biodiversity management or other change to shift the efficiency frontier. 
Industry C, whilst efficient, has a very low average stock of biodiversity. Overall, however, 
because Industry A is both expansive and relatively inefficient there are significant 
opportunities for biodiversity improvement in the agricultural sector across much of the 
study area. 
 
Biodiversity efficiency and decision-making 
An analysis of the biodiversity efficiency of agricultural industries offers an opportunity to 
influence decision-making at multiple scales. At the national/regional scale, understanding 
the relationship between biodiversity change and economic returns is key to forecasting 
the impacts of scenarios such as increasing food production (Polasky et al., 2008). Whilst 
some assume a classic trade-off between biodiversity change and production as we have 
here (Polasky et al., 2008) others have attempted to represent a more nuanced 
relationship (Smith et al. 2012). The closer we are able to represent the relationship, 
inlcuding time lags, the better understanding we will have of the capacity of agricultural 
practices in improve biodiversity outcomes. As such it is an important area of future 
research. Reporting of biodiversity efficiency could lead to more systematic assessment of 
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biodiversity and agricultural trade-offs, which are badly needed as agriculture continues to 
expand (Norris, 2008) and currently lacking (Perrings et al., 2006). Biodiversity efficiency 
formally quantifies the biodiversity loss per industry and per producers, a measure 
currently missing from environmental accounting efforts (see Chapter 2). Accounting for 
this loss incurred from production activities is needed for any transparent decision-making 
relating to biodiversity and economic growth (see Chapter 2). At the landscape scale, land-
use planning for multiple objectives might use biodiversity efficiency measures to identify 
industries that are both profitable and that can further minimise impacts on biodiversity 
(Polasky et al., 2008). Conservation planning can be more cost-effective if it incorporates 
the biodiversity in the agricultural landscape outside the reserve network (Wilson et al., 
2010) and a biodiversity efficiency analysis can help identify which agricultural properties 
may be more cost-effective to target for conservation initiatives. We also know in many 
cases biodiversity itself provides a potential revenue and this would be an important 
consideration if these measures were used to inform land-use planning and conservation 
policy (Ferraro, 2003; Smith et al., 2008). At the company or industry scale, a measure of 
efficiency could be part of environmental performance measures (James et al., 1994). 
Moreover, industry standards for biodiversity could become legislated and biodiversity 
impacts could conceivably be capped presenting a future financial risk to industries 
(Wissel & Waetzold, 2010). With these considerations in mind and the trend towards 
environmental performance reporting set to continue, all industries need to start thinking 
about how to increase biodiversity efficiency as part of good risk management. If a market 
for biodiversity were to emerge or a ‘green market’ where industries produce goods and 
also conserve biodiversity (Ferraro et al., 2005), understanding the capacity of industry to 
change and the costs of that change is key. For example, it is central to the functionality of 
cap and trade systems that industries know their capacity to change. 
 
At the producer level, efficient individual producers might use this system to market their 
products (Tyteca, 1996). Although there is currently no market signal to incentivise 
biodiversity conservation on agricultural properties (Perrings et al., 2006), payments for 
biodiversity occur through stewardship schemes and price signals are developing in the 
form of offset schemes and potential payments for ecosystem services. Designing 
effective and efficient payment schemes is key to improving biodiversity on private 
properties (see Chapter 5). Payment schemes could be designed around identifying where 
biodiversity can be increased with the least cost to production, thus reducing 
compensation costs of increasing biodiversity in agricultural landscapes. Where an 
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agricultural industry is conserving the maximum biodiversity possible within the constraints 
of production activities (high biodiversity efficiency), it is likely that additional conservation 
will come at a cost to production. Any attempt to improve biodiversity in such an industry 
would have to address this through some form of compensation of opportunity costs to 
individual producers (Wilson et al., 2010). Where it is possible to improve biodiversity at 
little or no cost to production (low biodiversity efficiency), it may not be necessary to pay 
compensation to producers as improvements could be possible without foregone 
production. Incentive schemes could therefore be less expensive in these cases or other 
non-monetary motivations could be used to influence management on these properties 
(Ferraro & Price, 2013). Knowing where to find these potential improved outcomes 
provides a pathway towards more cost-effective investment in the agricultural landscape 
(Wilson et al., 2010).  
 
Measuring biodiversity efficiency – implications and challenges 
The likely reasons that some industries have higher (or lower) biodiversity inputs in this 
analysis relates to the amount of habitat on and around each property. The applicability of 
biodiversity efficiency is contingent on producers being able to improve their efficiency as 
indicated by efficiency analysis. To improve their efficiency (i.e. reduce biodiversity inputs 
without impacting profit), given how biodiversity is measured in this analysis, producers 
could revegetate marginal land on their properties, not clear regrowth, move production to 
cleared areas in a more vegetated landscape or encourage revegetation in the vicinity of 
the property. In this case study, improving biodiversity outcomes would mean large areas 
of under Industry A could increase their woody cover without impacting profitability. 
Although the results indicate that it is possible to improve outcomes for biodiversity without 
losing profitability, it is likely there may be some costs incurred at the property scale to 
reduce biodiversity loss where more active intervention is required. For example, 
revegetating marginal land should mean a one-off establishment and some ongoing 
maintenance cost but would not affect long-term annual profitability. From a policy 
perspective, these properties may require payments to cover these costs but this would 
still be less expensive than paying compensation for lost production as well as costs of the 
revegetation. Given the scale at which the biodiversity model was developed (the average 
size of properties), the biodiversity measure should relate more to on-property habitat than 
habitat in the surrounding area. Nevertheless, efficiency analysis based on this measure 
could, in some circumstances, return low biodiversity inputs where habitat is regenerating 
off-property. This could have implications for offset design as companies may seek to 
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reduce their biodiversity-efficiency by increasing biodiversity values locally to their 
production activities.  
 
The implications of the results of a biodiversity efficiency analysis clearly relates strongly to 
the choice of biodiversity measure. A biodiversity model based on the species-area 
relationship was used here. This was deemed appropriate as this analysis required a 
measure to compare biodiversity change by industries (i.e. a relative measure) rather than 
to assess the exact numbers of species remaining. Interpreting the results of predictions 
using the species-area relationship must consider the time lag between when the area is 
changed and the corresponding change in species richness (Brooks et al., 1999). This 
biodiversity measure is therefore a measure of the proportion of remaining species 
following habitat loss. This means that it may under-estimate the proportion of species 
currently remaining in the landscape that will not persist in the long term, referred to by 
some as an extinction debt (Tilman et al., 1994). Results based on a species-area 
relationship may also vary depending on how area is defined. In this study area referred to 
woody vegetation with more than 20% canopy cover and for trees over 2m tall. As such it 
may exclude some woodland species that prefer a sparser canopy. Whilst attempts were 
made to control for climate variability by only comparing properties within the same 
bioregion it is possible that properties were influenced by different climatic conditions that 
influenced the efficiency scores. 
 
Species richness predictions based on the species-area relationship have been used 
widely for particular regions or habitats (Pimm & Askins, 1995; Brooks et al., 1997; Harte & 
Kinzig, 1997; Brooks et al., 1999; Kinzig & Harte, 2000; Brummitt & Lughadha, 2003; 
Ponce-Reyes et al., 2012). We used it here to measure localised reduction in woodland-
dependent species richness. The advantage of this method is that it is feasible in most 
regions or countries because of new, high-resolution, time-series data on habitat loss 
(Hansen et al., 2013). As well as habitat area, species persistence in the region could also 
be affected by habitat quality, the presence of threats like pests (Brooks et al., 2006), over-
exploitation of species (Pimm et al., 2001), fragmentation, patch size and isolation 
(Andrén, 1994). Other measures which might also be suitable for measuring biodiversity 
change at relevant scales could therefore include species abundance (Alkemade et al., 
2009), beta diversity (Ferrier et al., 2007) and change in distribution or probability of 
extinction. Potential limitations in employing these measures include the need to detect 
localised (property) changes in biodiversity.  
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One of the challenges facing the establishment and use of biodiversity efficiency measures 
in mainstream management practice is the difficulty in measuring the direct (and indirect) 
impacts of agricultural production on biodiversity. In this analysis our biodiversity measure 
captured the localised change in woodland-dependent species richness in terrestrial 
landscapes; however, it is likely that the impact of agricultural industries is far-reaching 
and more complex. For example, we know the activities of agricultural industries (such as 
nutrient run-off) within the Great Barrier Reef catchment has impacts on the reef and the 
biodiversity that resides there (Brodie et al., 2013). These more widespread impacts were 
not incorporated in the analysis. Future analyses would benefit greatly by a more 
comprehensive approach to encompass the spatial and temporal impacts of production 
activities on biodiversity. Equally, it is important that agricultural industries are not held 
responsible for threats beyond their control. Knowing how to attribute change at the 
industry level is key to better managing the generation of wealth from these industries 
without further loss of species. One element required is long-term, spatial profit data. We 
only had access to one year of profit data (2005-2006) and hence the analysis was only 
run for one year. Whilst the biodiversity change seems indicative of the general trend 
observed over the last two decades, data to indicate how profit changes over time and 
between seasons was not available so it is unknown how representative the year 2005-
2006 was. Estimates of inefficiency may also be sensitive to error and outliers and would 
benefit from several years of data to increase confidence in the relationship between 
biodiversity change and profit at the small scales necessary for the analysis and failing 
that, sensitivity analysis to assess the robustness of the efficiency curve.  Future emphasis 
should be placed on obtaining this important profit data so more thorough and robust 
analysis can be undertaken.   
 
Conclusion 
Finding ways to minimise the impact of agriculture on biodiversity will become increasingly 
important as more land is developed (Perrings et al., 2006) and as the trend so far, where 
agriculture negatively impacts biodiversity, is otherwise set to continue (Norris, 2008). 
Biodiversity efficiency measures can help identify opportunities to reduce those impacts. 
We caution, however, against using biodiversity efficiency as defined here as a single, 
sector-wide indicator of biodiversity performance because the most efficient industries did 
not necessarily have high stocks of biodiversity or the lowest biodiversity impact per unit 
profit. It is, however, at the very least an important benchmark for individual producers to 
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compare their performance against the rest of their industry and may be an incentive for 
individual producers to seek innovative ways to push beyond the frontier and refine best 
practice for minimising the biodiversity loss associated with agricultural activities.  
 
Arranging and modifying land use is the subject of attempts to improve the biodiversity 
outcomes of agriculture (Polasky et al., 2008; Wilson et al., 2010). These attempts include 
either optimising the occurrence of low biodiversity impact industries and minimising high 
impact industries or acquiring land for conservation (known as land sharing or land 
sparing) (Green et al., 2005; Fischer et al., 2014). Recent analysis has shown that 
acquiring the required land for reserves is increasingly unfeasible (Venter et al., 2014) and 
overcoming the market forces that drive which agricultural industries occur by regulating 
agricultural land-use patterns appears a Herculean task. Opportunities for improving 
biodiversity outcomes without having to acquire land or alter land-use patterns should 
therefore be a central focus of conservation efforts. The method outlined in this study 
identifies where within the existing land-use pattern we can find areas where biodiversity 
outcomes can be improved without loss of profitability. This method can also be extended 
to other sectors of the economy beyond agriculture to produce a holistic understanding of 
the nexus between biodiversity and economic development. 
 
Identifying and exploiting these opportunities, however, is contingent on a measure of the 
potential outcomes to improve biodiversity within production constraints. Having introduced 
a method for achieving this here, we recommend further exploration and testing to develop 
a robust approach to measuring biodiversity efficiency. This should provide decision-
makers with some confidence that the agricultural landscape can effectively contribute to 
biodiversity conservation. 
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CHAPTER 5    MAXIMISING OUTCOMES FROM PAYMENTS FOR 
BIODIVERSITY WITH SMART PAYMENT METHOD SELECTION 
 
 
Abstract  
 
1 Payments for biodiversity could improve conservation outside protected areas by paying 
private landholders for the provision of environmental services. There is increasing interest 
in achieving this through outcome-based, rather than the widely applied input-based, 
payments. Whilst analyses of these input-based payments have found they are often 
ineffective, little has been done to assess how to maximise real biodiversity outcomes from 
outcome-based payments. Our aim is to compare different outcome-based payment 
methods by modelling the behaviour of landholders in response to payments to assess 
which payment method returns the greatest benefits for biodiversity.  
 
2 We incorporated strategic interactions between landholders to predict the likely actions 
of landholders to outcome-based payments for a target species. We considered four 
different payment methods to allocate funds between landholders, including a commonly 
applied ‘set-price’ outcome-based payment method (for example, a set amount per 
individual) of a target species. We assessed how landholders would respond, both to the 
payment method and to the actions of the other landowners, and how this affects 
biodiversity outcomes. For this analysis we assumed the objective of a biodiversity 
payment scheme was to increase the population of a target species over a heterogeneous 
landscape. We therefore tested landholder responses over a range of variables that would 
vary across the landscape to determine if these factors influenced the final outcome and to 
determine the robustness of payments to uncertainty in these measures. These variables 
include initial population size of that target species and agricultural profitability of 
properties. Payment methods were compared using final biodiversity outcomes (% change 
in abundance), return on investment and cost-effectiveness.  
 
3 We discovered that the set-price payment method is rarely the best payment method to 
use. Except under a very narrow range of conditions (high initial abundance of the target 
species and low profitability of the property), other payment methods outperform the set-
price payment method. It is also the least cost-effective method that we tested. The results 
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indicate that a well-chosen payment method can improve the population of a species of 
conservation concern more than currently used or ill-chosen payment methods. 
 
4 The profitability of the property, and to a lesser degree the initial population size, will 
influence which payment method will perform best. While all the payment methods we 
assessed perform well when the initial population size is very small and agriculture 
profitability negligible, some payment methods perform consistently better when the 
property has a higher profitability or supports a higher initial population size. In this 
analysis, a payment method based on population change performed the best over the 
greatest range of values. 
 
5 If managers are going to pursue conservation outcomes using payment for biodiversity 
schemes, they need to carefully choose the payment methods they use to support their 
payment decisions. The choice of payment methods should be based on a transparent 
analysis that considers both the dynamics of the ecological system and the interactions 
between individual landholders. With smart payment method selection it is possible to 
greatly increase the outcomes from biodiversity payments. 
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Introduction  
 
Payments for biodiversity are increasingly used to encourage biodiversity conservation on 
private land (Ferraro & Kiss, 2002; Millennium Ecosystem Assessment, 2005d), in 
particular to extend conversation efforts beyond protected areas. While protected areas 
are the primary mechanism for species conservation (Margules & Pressey, 2000), they 
cannot manage many key threats, adequately encompass the range of species (Watson et 
al., 2011; Venter et al., 2014) or feasibly achieve all conservation goals (Polasky et al., 
2008; Knight et al., 2011b; Venter et al., 2014). The funds available for payments for 
biodiversity conservation on private land can be substantial. In Europe €5.6 billion is spent 
annually paying landholders for environmental benefits (Hanley et al., 2012). The world’s 
largest single-country scheme in the United States of America spends US$1.7 billion per 
annum on environmental payments (Hanley et al., 2012). Many of these schemes, the 
majority of which are input-based, have been criticised for the lack of positive outcomes for 
biodiversity (Ferraro & Pattanayak, 2006; Kleijn et al., 2006). If payments for biodiversity 
are going to make a significant contribution to conservation, payment methods need 
careful examination. Without understanding the relationship between payments to 
landholders and their responses, funds will continue to be spent inefficiently and potentially 
ineffectively.  
 
One suggestion for improving the current system of payments for environmental services 
is to switch from an input-based approach to an outcome-based payment scheme (also 
called ‘performance payments’ (Ferraro, 2001; Zabel & Holm‐Müller, 2008) or ‘payment 
based on results’ (Gibbons et al., 2011)). Several recent studies have modelled the 
effectiveness of outcome-based schemes (Sommerville et al., 2011), shown the outcome-
based approach is effective in increasing biodiversity in case studies (Musters et al., 2001; 
Zabel & Holm‐Müller, 2008) and modelled the differences between input and outcome-
based schemes (Gibbons et al., 2011). Additional advantages of the outcomes-based 
approach are: flexibility in how landholders can achieve outcomes, resulting in 
management innovation (Musters et al., 2001; Gorddard et al., 2008; Zabel & Roe, 2009; 
Gibbons et al., 2011; Sabatier et al., 2012); reduced reliance on predictive models to 
allocate funding (Gorddard et al., 2008); and reporting on the presence of species on 
private lands (Gorddard et al., 2008; Gibbons et al., 2011).  
 
What remains largely untested with outcome-based approaches is the effectiveness of 
alternative payment methods to landholders. Currently, outcomes-based payments are 
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most often based on a set-price per outcome (Musters et al., 2001; IUCN-SSC Crocodile 
Specialist Group, 2004; NGPC, 2005; Gorddard et al., 2008; Zabel & Holm-Müller, 2008; 
Ferraro & Gjertsen, 2009; Sommerville et al., 2011; Clements et al., 2013). These 
outcomes might be the abundance of individuals of species (Sommerville et al., 2011), 
offspring (Zabel & Holm‐Müller, 2008), clutches (Musters et al., 2001), nests of a species 
(IUCN-SSC Crocodile Specialist Group, 2004; NGPC, 2005) or the presence of an 
endangered or rare species. In the Netherlands, for example, farmers can be paid €12 per 
incubated clutch of Eurasian oystercatcher (Haematopus ostralegus) (Musters et al., 2001) 
while in Sweden, €21,830 is paid per wolverine (Gulo gulo) offspring (Zabel & Holm‐Müller, 
2008). However, there are other outcome-based payment methods than a set-price that 
could achieve better results. For example, payments relative to other landholders, that is, 
where one landholder’s payment would depend on the biodiversity outcomes of other 
landholders, could improve outcomes by motivating competition between landholders 
(Sommerville et al., 2011). Our ability to assess which payment methods produce the 
greatest outcome for biodiversity will depend on how well we can predict the behaviour of 
landholders in response to biodiversity payments (Zabel & Roe, 2009).  
 
How funds are allocated for biodiversity payments and how this impacts behaviour of 
landholders, although critical (Kinzig et al., 2011), has received very little attention for 
outcome-based schemes. Identifying which payment method will maximise quantifiable 
biodiversity outcomes is dependent on how landholders behave, interact and respond to 
alterative payments methods (Mesterton-Gibbons & Milner-Gulland, 1998; Sommerville et 
al., 2011). In this multi-actor scenario, predicting these outcomes by modelling decisions 
solely by maximising the benefit to each landholders (Smith, 1776; Belton & Stewart, 
2002), independent of the choices of other landholders, will ignore the fact that decision-
makers respond to each other’s behaviour for a range of reasons (Bonabeau, 2002). 
Strategic interactions between landholders need to be accounted for to get a more 
accurate prediction of behaviour, and in turn, likely outcomes for biodiversity (Zabel & Roe, 
2009).  
 
In this chapter we quantitatively assess different outcome-based payment methods by 
modelling landholder response to payment methods and predicting outcomes for 
biodiversity. We incorporate the strategic behaviour of landholders using a game theoretic 
approach to predict how landholders will act given the actions of the others.  We explore 
the impacts of different methods of payment allocation exhibiting a range of characteristics 
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by simulating payments that are set per biodiversity outcome (set-price) and payments that 
are dependent on the performance of others (relative). We discuss the potential 
consequences of using a sub-optimal payment method and recommend adopting the 
methods employed here as one of the steps in the selection of a biodiversity payment 
method most likely to return the greatest benefits to biodiversity. 
Methods  
 
We designed a game between two landholders to determine the actions each landholder 
will take (given the actions of the other landholder) if they are paid according to each 
payment method. The combination of these landholder actions generates some level of 
biodiversity outcome: we used these outcomes to determine which payment method 
results in the largest biodiversity benefit. We considered biodiversity for this analysis as a 
single species of concern where the objective is to increase the population and the action 
available to the landholders is to change the area of habitat available to the species on 
their property.  
 
Landholder actions 
 
Each landholder aims to maximise the total annual income from their property (a 
combination of any payment for biodiversity and income from agricultural activities). We 
assumed that all land is either being utilised at full effectiveness for agriculture or is set 
aside as habitat for the species of concern. If this is not the case, and some land is set 
aside for another use (e.g. biodiversity offsets which would create additionally), this is not 
considered in our problem formulation and any profits or losses incurred by that land are 
ignored. The actions available to a landholder are to increase or decrease the proportion 
of their land that is available habitat, which will lead to an increase or decrease in the 
species carrying capacity. Changing the carrying capacity affects the model in two ways: 
first, it changes the income from the biodiversity payment method because the action 
alters the amount of land that is used for agricultural activities, and thus the total profits 
generated by agriculture (eqn 1); and second, it changes the payments provided for 
biodiversity because a new carrying capacity will alter the dynamical population (eqn 2). 
 
We constructed a single-stage game for two landholders, allowing a range of actions to 
change the area of habitat available to the species on their property. We defined 𝐾!"#!  as 
the maximum carrying capacity possible on the property of landholder 𝑖 if all land was set 
aside as habitat for the target species. At time 𝑡  the landholder can choose what 
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proportion of their property is put aside as habitat, from 𝐾!! = 0  to 100 (50 intervals) where 𝐾!! = 0 is no habitat and 𝐾!! = 100 the entire property is set aside to habitat. We considered 
two landholders, 𝑖 = {𝑎, 𝑏} so we must consider all combinations of actions 𝐾!! .  For each 
combination of landholder actions, we modelled the payoff to each landholder under each 
payment method after one time period.  
 
Behaviour of each landholder was simulated by each landholder choosing an action to 
achieve their maximum payoff. The behaviour of interacting individuals can be predicted 
by finding a steady state (Nash Equilibrium) where neither of the landholders can improve 
their private gain by changing their behaviour given what the other has decided (Nash, 
1951). Initially, we randomly assigned an action to landholder 𝑎. That choice of action will 
affect the payoff available to landholder 𝑏. Landholder 𝑏 then chooses the action 𝐾!! that 
maximises their payoff given the actions choice of landholder 𝑎 . We then allowed 
landholder 𝑎 to update their choice, aiming to maximise their payoff given the current 
choice of landholder 𝑏. We allowed this iterative updating until the actions 𝐾!!  and 𝐾!! 
converge on a stable set of actions within a single time step where neither can do any 
better by changing only their choice; these actions are the Nash Equilibrium. We 
calculated the Nash Equilibrium for each of four different payment methods i.e. the 
combinations of actions taken by each landholder to each maximise their respective total 
payoffs given the other landholder is doing the same (see Appendix S5.1). Because 
benefit-maximising behaviour of individuals may or may not result in the best outcomes for 
social welfare, or biodiversity (Hardin, 1968; Polasky et al., 2008; White et al., 2012), the 
actions undertaken by the landholders (i.e. to choose a carrying capacity) were converted 
to a biodiversity outcome and a resulting biodiversity payment (see Biodiversity Payment 
Method section). 
 
Agricultural payment 
 
Income from agricultural activities was modelled as a linear function of the total land put 
under production. We assumed that agriculture provides a constant per-hectare 
profitability. The income that results from placing a proportion 1− !!!!!"#!  under agricultural 
production is therefore calculated as  
 𝑄!! = 𝜙! 1− !!!!!"#!   .                                                  eqn 1 
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We denoted 𝑄!! as the income from agricultural activities, 𝜙!!  as the profitability of property i, 𝐾!! as the current carrying capacity of the property and 𝐾!"#!  as the carrying capacity if the 
entire property were habitat (see Table 5.1 for a full list of variables and parameters). 
Table 5.1 Parameter description 
Parameter Description 𝑈! Total payoff to landholder 𝑖 𝐵 Fixed annual biodiversity budget 𝑃!!  Income from biodiversity payment to landholder 𝑖  under payment 
method 𝑚 𝑄!! Income from agricultural activities of landholder 𝑖 in year t 𝑁!! Initial population size on property of landholder 𝑖 in year 0 𝑁!! Population size on property of landholder 𝑖 in year t 𝐾!"#!  Maximum carrying capacity for the property of landholder 𝑖 (i.e. if the 
property were converted entirely to habitat) 𝐾!! Carrying capacity on property of landholder 𝑖 in year t 𝜙!!  Profitability (whole property of landholder 𝑖) 𝑟 Growth rate of the species of concern (fixed) 
 
Biodiversity payment 
 
We formulated four payment methods to translate biodiversity outcomes to financial 
payments. These methods were chosen because they represent methods that are either 
currently in use, recommended for application, or hypothetically possible approaches. The 
methods cover a variety of payment characteristics including set and relative payments, 
competitive and non-competitive, using part or all of the budget and equitability of 
payments between landholders (Table 5.2).   
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Table 5.2 The characteristics of the four payment methods. 
Payment method 
Payment 
type*  
Proportion of 
budget spent 
Competitive 
between 
landholders 
Equitable** 
between 
landholders 
1 Set-price  Set Partial No Yes 
2 Capacity-based Set Partial No No 
3 Proportional Relative Total Yes Yes 
4 Relative change Relative Total Yes No 
* set=payment per individual at a set price (for example $10 per animal), relative=payment dependent 
on actions of the other landholder. 
** in this study payments are considered equitable or ‘fair’ when the abundance of the species of 
concern on each property are the same and payments are equal for each landholder. Inequitable 
payments occur where payments are different between landholders even though the abundance of the 
species on each property is equal. 
 
Payment method 1 is a commonly employed outcome-based method used for paying for 
biodiversity (Musters et al., 2001; Zabel & Holm‐Müller, 2008). Under this method, 
payments are allocated at a set amount per biodiversity unit, in our case, a set amount per 
individual of the target species. Landholders with the same abundance would receive the 
same payment. To include some aspects of individual performance and differentiate 
between landholders for payment method 2 the amount paid per individual was lower if 
species abundance were much lower than what could exist on the property and higher if 
abundance were close to the maximum carrying capacity. This means that two landholders 
with the same amount of biodiversity would not necessarily receive the same payment. 
The landholder who was closer to the maximum possible abundance for their property 
would get more. Payment method 2, like 1, will not allocate the entire budget unless both 
properties are at maximum carrying capacity. In many cases less than the full budget will 
be spent. Neither of these methods encourages competition between the landholders 
because landholders are paid based on their actions, independent of the other landholder.  
 
Relative payments (i.e. dependent on each landholder) were suggested by Sommerville et 
al (2011) as a method to invoke competition between landholders in an outcome-based 
payment scenario and thereby motivate actions to increase biodiversity outcomes. We 
devised two relative payment methods. One (method 3) paid each landholder according to 
how much of the total population on both properties is on each property. Relative-change 
payments (method 4) are a new concept where payments are allocated according to how 
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much of the overall change in abundance is due to changes on each property. Payment 
methods 3 and 4, unlike payment methods 1 and 2, allocate all the funds.  For payment 3, 
unlike 4, the rewards are equal across landholders in that if the abundance of individuals 
on each property is the same, the payments between the two landholders are equal.  
 
To secure payments, landholders first undertake actions, either increasing or decreasing 
the carrying capacity of their property. To provide a mechanistic ecological link between 
landholder inputs and biodiversity outputs, we calculate how the change in carrying 
capacity affects the population size using the logistic growth model (eqn 2) after one year 
of management. For this model, we assume that the agricultural activities are very 
intensive, and as a consequence the species of concern does not occur on the farmed part 
of the property (Green et al., 2005). The population on property 𝑖 changes according to the 
function   𝑁!! =    !!!!!!!!"!!!!!!! (!!"!!)  .                                                                                                                                  eqn 2 
where   𝑁!! is the abundance of the target species on property i at time t and   𝑁!! is the initial 
population size. 
 
We denote 𝑃!!  as the biodiversity payment to landholder 𝑖 from payment method 𝑚. The 
payment to each landholder may depend on parameters of their own property or any of the 
other 𝑛 landholders’ properties. Each property has an initial and a current population of the 
species of concern (𝑁!! and 𝑁!! respectively) and a maximum possible carrying capacity 𝐾!"#!  for the species. 
 
Payment method 1: set-price 
We started by considering a set-price payment per individual of the target species on the 
landholder’s property.  
The amount paid to landholder i using payment method 1 is 𝑃!! = 𝐵 !!!!!"#!!!!!  ,                                                 eqn 3 
where 𝐵 is the annual budget for all payments. 
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Payment method 2: capacity-based payment 
The second payment method we considered relates to the species’ population on a 
landholder’s property relative to the species’ maximum possible population on that 
property. This payment method does not reward landholders for the raw number of 
individuals on their property (as with Payment method 1) but as a proportion of the 
maximum possible population of the property. We did not count any individuals above the 
maximum possible carrying capacity of each property, since these higher population levels 
are unsustainable. In a sense, if a property can potentially support high abundance of 
individuals, then more is expected from that landowner if they are to receive the same 
reward. Payment method 2 is defined as 𝑃!! = 𝐵 !!!!!!!!"#! !!"#!!!!! .                                                 eqn 4 
1
Example: This method first divides the budget by the maximum possible population 
across the whole landscape. The maximum possible population would be achieved if 
both landholders converted all their properties to habitat. Since the denominator is 
constant, the amount of funds allocated per individual in the population does not 
change even if the population does. If the total budget is $1000 and the maximum total 
abundance of individuals that could exist on both properties combined is 100, then 
each individual is worth $10. A landholder with 5 individuals receives $50 per annum 
and another with 10 individuals would receive $100 per annum. 
 𝑃!! = $1000 ! 5100! = $50 
 𝑃!! = $1000 ! 10100! = $100 
2
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Payment method 3: proportional payment 
Thirdly, we divided the total budget among landholders according to what proportion of the 
total population (on all properties in the scheme) is on their property. That is, landholders 
are paid not on the basis of the abundance of individuals provided on their land, but the 
abundance of individuals relative to the combined abundance on both properties. If only 
one landholder increases the abundance of individuals, they receive a greater proportion 
of the budget and the proportion paid to the other landholder is reduced.  
Payment method 3 is defined as 𝑃!! = 𝐵 !!!!!!!!!! .                                                                       eqn 5 
Example: Firstly, as with payment method 1, the budget is divided by the maximum 
possible population for both properties. This produces a set-price per individual. For 
example, a set-price of $10. If one landholder had 5 animals $50 would be initially 
allocated. Next, the sum allocated would be discounted by the ratio of animals to 
maximum possible population for the property. So if that one landholder had 5 animals 
but the maximum possible population was 50 animals then the allocated amount ($50) 
would multiplied by 10% resulting in a payment amount of $5. Another landholder with 5 
animals and a maximum possible population of 10 would receive $25. 
 𝑃!! = $1000 ! 5  ×550  ×100! = $5 
 𝑃!! = $1000 ! 5  ×510×100! = $25 
 96 
 
 
Payment method 4: relative change 
The fourth payment method depends on the net change in the population that has been 
achieved over one year. Whereas the previous payment method divided the budget 
according to percentages of the population, payment method 4 divides the budget 
according to percentage change. Unlike the other payment methods it pays for a change 
in, rather than a state of, biodiversity. Funds are allocated for total positive change, and 
divided proportionally between the landholders. Landholders receive no payment if the 
abundance decreases (i.e., they are not penalised with a fine proportional to the 
decrease). Payment method 4 is defined as 
𝑃!! = 𝐵 !!!!!!!(!!!!!!!)!!!!       if 𝑁!! − 𝑁!! > 0  0                                                          if 𝑁!! − 𝑁!! ≤ 0  .                                                                                  eqn 6 
 
Example: The budget is divided by the total abundance of individuals on both the 
properties and allocated according to the proportion of individuals on each property. If 
the budget is $1000 and there are 100 individuals in total and one landholder has 30 
individuals they receive 30% of the budget ($300). The other landholder with 70 
individuals would receive 70% of the budget ($700). 
 𝑃!! = $1000   ! 30100! = $300   
 𝑃!! = $1000   ! 70100! = $700   
Example: The budget is divided by the total positive change in the population on both 
properties and allocated according to the proportion of the change occurring on each 
property. If the budget is $1000 and there has been an increase of 20 animals in total 
and one landholder has increased their population by 5 they receive 25% of the budget 
($250). The other landholder who has increased their population by 15 receives 75% of 
the budget. 𝑃!! = $1000 ! 520!   = $250 
 𝑃!! = $1000 !1520! = $750 
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Comparing payment methods 
 
In our first analysis, we compared the four biodiversity payment methods by calculating the 
population size on each property given the predicted actions of the landholders (𝐾!! at the 
Nash Equilibrium) in response to the biodiversity payments (initially using fixed values for 
the other variables, 𝑁!! = 10, 𝐾!"#! = 100, 𝜙! = $50,000, 𝑟 = 0.05, 𝐵 = $100,000).  
 
We expect payment method performance to depend on the parameterisation of the model, 
specifically the values of the initial population size (𝑁!!), property profitability (𝜙!)  and the 
biodiversity budget (B). In particular, we expected the income generated from agricultural 
activities relative to the biodiversity budget to have a significant impact on landholder 
behaviour as it will influence the property’s total income and therefore their willingness to 
adapt their behaviour to secure biodiversity funds. For example, a very profitable property 
and low biodiversity budget will likely have less success changing landholders’ behaviour 
than a very low agricultural profitability with a high biodiversity budget. In the former case 
the landholder is less likely to undertake to convert profitable land for a low biodiversity 
payment. Two factors we would expect to see vary across the properties would be the 
population of the species already occurring on the property and the profitability of the 
property, which would depend on the agricultural type and local conditions such as rainfall 
and soil quality. We therefore repeated our analyses over a range of parameter values to 
reflect the population and economic variability one might expect across the distribution of a 
single species (50 values of 𝑁!!  between 1-99, 𝜙! /B between 0-0.2). We assessed the 
biodiversity payment methods by comparing the population changes resulting from 
predicted landholder behaviour to determine under what conditions and by how much, 
each payment methods outperformed the others.  
 
Finally, we calculated the return on investment, !"#$%  !"!#$%&'"(  !"#$%&'%  (%)! ,   and cost-
effectiveness, !"#$%  !"!#$%&'"(  !"#$%&'%  (%)!!!!!!! ,  of each payment method at low (𝑁!! = 25) and high 
(𝑁!! = 75) initial population. This was to ascertain whether the methods that produced the 
greatest outcomes of biodiversity were also an efficient use of funds. The cost-effective 
analysis (biodiversity outcome/cost) is necessary in addition to the return on investment 
analysis because two of the four methods did not use the entire budget. Return on 
investment compares the biodiversity outcomes for the total allocated budget for each 
method and cost-effectiveness measures the biodiversity outcomes per dollar spent on 
each method.  
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Results  
 
The biodiversity outcome for a payment scheme was highly dependent on the payment 
method used to distribute the budget between the landholders (Figure 5.1).  For one 
particular combination of initial population size and profitability, for example, one payment 
scheme resulted in a negative change in population of approximately 3% whilst another 
resulted an increase of nearly 5% (Figure 5.1) (as r=0.05 the maximum possible 
population increase was 5%).  
 
Figure 5.1 The percentage change in abundance of the target species on each property after each 
landholder has chosen their action for 𝑁!! = 𝑁!! = 5, 𝐾!"#! = 𝐾!"#! = 100, 𝜙! = 𝜙! = $1000, 𝑟 = 0.05, 𝐵 = $100,000. The change in species abundance is the biodiversity outcomes at Nash Equilibrium. 
Payment method 1 = orange, payment method 2 = purple, payment method 3 = green, payment 
method 4 = red. 
The performance of each payment method varied differently across the range of initial 
population size and profitability of the property, relative to the budget (Figure 5.2). 
Payment method 4 resulted in an increase in biodiversity across the broadest parameter 
range. All others only perform well under restricted conditions, generally low profitability (or 
a large budget) and when the initial population is small. All payment methods we tested 
resulted in an increase in biodiversity when profitability was very low relative to the budget 
regardless of initial population size indicating a level of robustness to this information, 
although the magnitude of the increase varied from 0.5-5%.  
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Figure 5.2 Biodiversity outcome expressed as the percentage population increase for each biodiversity 
payment method over one time period. Areas where the landholders’ actions would cause a decrease in 
the population have been removed as the payment method should not be applied in these 
circumstances. Biodiversity outcomes are for a range of initial population sizes (𝑁!!) on the x-axis and 
profitability to budget ratios !!! on the y-axis. Parameters used to generate this figure are: 𝑁!! = 𝑁!! =1 − 99, 𝐾!"#! = 𝐾!"#! = 100, !!! = !!! = 0 − 0.1, 𝑟 = 0.05, 𝐵 = $100,000. 
No single payment method is alone the best choice across all of parameter space, 
although payment method 4 results in the greatest increase in biodiversity over the 
greatest range (Figure 5.3), and the equal best choice over the entirety of parameter 
space. All methods perform well where the initial population is low and profitability low.  
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Figure 5.3 The payment methods that result in the highest population increase for a range of initial 
population sizes (𝑁!!) on the x-axis and profitability to budget ratios !!!  on the y-axis (the colour 
indicated which payment method has the highest Nash). Where the difference between the highest 
population increase and the population increase of other methods was slight (i.e. less than 0.5%), these 
were considered equal to the highest. 
Implementing a combination of the best performing payment methods instead of the 
commonly used payment method 1 can increase the population on each property above 
that of the population that results from payment method 1 by as much as 13% (Figure 5.4). 
On average, selecting the best performing payment methods over the worst will increase 
the population above that resulting from the worst performing payment method by over 7% 
but can increase it as much as 37% (Figure 5.4). 
 
Generally the payment method that performs well (i.e. method 4) also results in a high 
return on investment (ROI) (Figure 5.5). This is consistent with other measures of 
performance (i.e. highest biodiversity outcome) (Figure 5.3). Further, payment method 4 
had the highest return on investment whether the initial population was large or small 
(Figure 5.5). The initial population size does affect the ranking of the other methods (i.e. 
2nd, 3rd and 4th highest return on investment), which also supports the findings presented in 
Figures 2 and 3 that the initial population size affects the performance of each method.   
 
The results of the cost-effectiveness analysis, however, reveal a different pattern. Firstly, 
often payment method 2, rather than 4, is the most cost-effective unless the budget is very 
small (Figure 5.5). It also shows that not only does cost-effectiveness ranking of methods 
change as the budget increases (unlike the ROI), but also the most cost-effective method 
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changes between low and high initial populations (Figure 5.5) although payment method 1 
is always the least cost-effective. These results show that even methods performing well in 
terms of biodiversity outcomes can be less cost-effective than other methods that produce 
less of the desired outcome.  
 
Figure 5.4 a) The difference (measured as the percentage increase in population size) between the 
commonly used output-based payment method (Payment method 1) and the best performing payment 
methods for a range of initial population sizes (𝑁!!) on the x-axis and profitability to budget ratios !!!  on 
the y-axis. b) The difference (measured as the percentage increase in population size) between the 
best performing payment methods and the worst performing payment methods for a range of initial 
population sizes (𝑁!!) on the x-axis and profitability to budget ratios (!!) on the y-axis. Note Figure 4a 
ranges between 0-13% and Figure 4b ranges between 0-37% population change. 
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Figure 5.5 Return on investment (a & b) and cost-effectiveness (c & d) for payment methods where the 
initial population size is small, (𝑁!! = 25) (a&c) and where it is high, (𝑁!! = 75) (b&d). 𝜙!!  fixed at ~ $100. 
Payment method 1 = orange, payment method 2 = purple, payment method 3 = green, payment 
method 4 = red. 
Discussion  
 
The outcomes of a biodiversity payment scheme are strongly influenced by the choice of 
method used to allocate the payments. Starting a new scheme using an inappropriate 
payment method, or continuing to use a set-price approach, can mean a lost opportunity to 
increase the population of a species at no extra cost. We illustrated the large potential 
difference in biodiversity outcome by simulating the response of landholders to payments 
defined by four different biodiversity payment methods. More importantly, our findings 
suggest there is great variation in the results depending on the economic and ecological 
conditions on the different properties that are participating in the payment scheme (Figure 
5.2; Figure 5.5) and the available budget (Figure 5). As a result, the choice of where to 
implement a scheme matters because these conditions vary over space (Wätzold & 
Drechsler, 2005; Naidoo & Iwamura, 2007; Gibbons et al., 2011). It is worth investing in 
analyses to test different payment methods, given that the difference between a well-
chosen payment method and the most commonly used could be large and the difference 
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between the well-chosen payment method and an ill-chosen one could be even larger 
(Figure 5.4).  
 
Our results suggest that the greatest opportunity for cost-effective interventions for 
biodiversity is where opportunity costs, such as agricultural profitability, are at their lowest 
(Naidoo & Iwamura, 2007). All payment methods resulted in an increase in abundance 
where agricultural profitability was low relative to the budget (or where the budget was high 
relative to profitability). Given governments and managers are almost always resource-
limited (James et al., 1999; McCarthy et al., 2012), the obvious recommendation is to 
target payment schemes in marginal agricultural zones with low numbers of the target 
species. Unfortunately, biodiversity of concern is not always in marginal agricultural areas 
and may be positively correlated with high productivity (Gaston, 2000). It is also in 
productive landscapes where biodiversity loss has been the most severe (McAlpine et al., 
2002) and protection the weakest (Scott et al., 2001; Pressey et al., 2002) and thus 
intervention needed the most. Therefore finding ways to affordably manage biodiversity in 
profitable landscapes is a major obstacle to effective and comprehensive biodiversity 
conservation efforts. We found at least one payment method (payment method 4) can be 
effective in more profitable landscapes. Unlike payment methods based on the state of 
biodiversity (such as a set-price per individual), this payment method rewards for change 
in biodiversity (i.e. a payment was only made when there was a positive change in the 
population). This may be an approach that could open up landscapes (and species) 
previously unavailable to managers and government.  Payment method 4 was able to 
produce positive changes in more expensive landscapes, despite having the same budget, 
because even if the change were small (e.g. 1% by each landholder) they would receive 
half the budget. As such we recommend further investigation into change-based payments 
for biodiversity.  
 
Risk-averse managers might also prefer payment method 4 as it performs well over a 
range of values and as such is robust to uncertainty in estimates and landscape 
heterogeneity in profitability and production costs. It also has the highest return on 
investment, being relatively insensitive to changes in starting population or budget. 
Payment method 4 would be suitable in situations where a scheme is established for a 
specific species with a fixed budget but where the conditions of the participating properties 
are unknown. Although some methods would work as well as 4 in restricted conditions and 
may be effective where the conditions are well understood, method 4 would still perform 
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well even if the property conditions were uncertain. Uncertainty about the conditions of 
participating properties is more than likely to be the case in large-scale payment schemes. 
Where the aim, however, is to use the least funds from the budget, rather than maximise 
outcomes given the budget, other methods may perform better than method 4. This is not 
commonly the case because governments generally prefer to have a fixed annual budget. 
Payment method 4, like 3, always uses the entire allocated budget. Payment method 2, for 
example, is more cost-effective for larger budgets. The benefit of using payment method 2 
in this case would be that, even though the biodiversity outcomes are low, it would use the 
least funds leaving extra funds for payments to other properties or other projects. It is 
worth noting that the commonly used payment method 1 is never the most cost-effective. 
 
We have determined here that it is important which payment method is implemented and 
that this has ramifications for biodiversity. We modelled the interactions between 
landholders because we assumed that a payment method assessment that fails to do so 
could be misleading because it will overlook perverse or unexpected outcomes from the 
payments. There are good reasons to expect such interactions to occur and for them to 
have an impact on landholder behaviour. Landholders involved in this type of payment 
scheme, even where there is no trading of biodiversity credits, interact locally with other 
landholders in the same socioeconomic group and impact each other’s decision-making 
(Chen et al., 2012). Although not capturing all the factors that determine behaviour, game 
theory has been shown to effectively predict the results of these types of interactions 
(Knez & Camerer, 1994; Devetag & Ortmann, 2007) and has been applied to similar 
problems as presented here. For example, Mesterton-Gibbons and Milner-Gulland (1998) 
used game theory to test the influence of incentives on community behaviour and 
outcomes for wildlife resources in a community-based wildlife management program. 
Game theory can predict some behaviour because one of the drivers of decisions is profit 
maximisation (Smith, 1776). We only assessed these interactions with a two-agent game 
because this captures the nature of the interaction, if not the full complexity of how 
responses to the payment and the interactions would predict landholder behaviour.  The 
two-player game between two landholders used in this analysis could be extended to 
predict the general behaviour of all landholders by assuming player 1 is one landholder 
and the second player is the rest of the landholders (Mesterton-Gibbons & Milner-Gulland, 
1998). To fully model landholder behaviour individual differences such as demographics, 
social factors, values and cultural context should be incorporated (Featherstone & 
Goodwin, 1993; Brook et al., 2003; Farmar-Bowers & Lane, 2009; Knight et al., 2010). The 
 105 
number of participants and the transaction costs will also influence the outcomes for 
biodiversity of a scheme (Whitten et al., 2007; Coggan et al., 2010). Understanding the 
relative importance of factors that drive decision-making will improve the predictions of the 
outcomes from such schemes. Other aspects of this problem to consider could include the 
impact of actions of each landholder where the population of target species occur over a 
number of properties and what occurs on one property affects the population of another 
(Zabel & Roe, 2009). This could create the challenge of promoting co-ordination whilst 
maintaining competition (Reeson et al., 2011).  
 
An important consideration in the design of any biodiversity payment scheme is the 
treatment of uncertainty. Here we have identified one payment method (payment method 
4) that is robust to inaccuracies in abundance estimates across properties and uncertainty 
in profitability and production costs. For low profitability, choice of the optimal method is 
robust to uncertainty in the initial population size (i.e. it does not matter which method is 
chosen at low profitability because the outcomes are similar). At higher profitability, the 
choice of payment method matters a great deal. Other variables which have proven 
important in the trials of outcome-based payment schemes include detectability and risk to 
landholders (Latacz-Lohmann & Van der Hamsvoort, 1997; Whitby, 2000; Kleijn et al., 
2006; Zabel & Roe, 2009; Gibbons et al., 2011; Sommerville et al., 2011). This research 
area could also benefit by assessing the impacts of different population growth rates. 
Outcomes-based payments demand information about abundance of species and there 
will be errors in that information (Gibbons et al., 2011; Sommerville et al., 2011). Any 
perverse impacts resulting from this could be potentially avoided by swapping to an 
alternative payment method once capacity is reached or offer a cash bonus for populations 
above a certain level. This would have to be tested.  
 
Which payment method will return the greatest benefit to biodiversity is context and 
species dependent (Kleijn & Sutherland, 2003; Wätzold & Drechsler, 2005; Zabel & Roe, 
2009; Gibbons et al., 2011) and depends on the objective of the funder (Zabel & Roe, 
2009). For example, if the funder was more interested in maintaining abundance than 
increasing it, perhaps other methods would perform better. Payment method selection is 
conditional on where the target species exists on landholder properties and whether those 
landholders can influence biodiversity outcomes (Musters et al., 2001; Zabel & Holm‐
Müller, 2008; Zabel & Roe, 2009; Gibbons et al., 2011). For example, species threatened 
only by unmanageable threats such as climate change or disease will not directly benefit 
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from a landholder-scale incentives scheme. The performance of payment methods should 
be tested against a range of variables that might influence the results in practice. Which 
method performs best therefore may be contingent in part on whether the aim is to 
maximise outcomes from the budget or use the least funds, the size of the budget and 
whether the target species is very rare or fairly abundant. How the payment methods are 
then selected depends on the preferences of the funding government or investor 
depending on how they want to address risk and uncertainty. It might be that some 
combination of payment methods would be required to maximise biodiversity benefits 
across large scales to take account of the heterogeneity of landscapes (Wätzold & 
Drechsler, 2005).  
 
Further work is needed in this area. Outcome-based approaches are fairly new and Zabel 
and Roe (2009) found in their assessment that there are many issues associated with 
incentive design and indicator selection that need to be addressed to avoid perverse 
outcomes.  We have started to address these concerns by contributing a framework to 
assess the likely effectiveness of outcome-based approaches to assist decision-makers in 
their choice of method. 
 
As policy is developed to implement biodiversity payments, whether these result in real 
outcomes for biodiversity will depend on robust instrument design. The choice of payment 
methods should be based on a transparent analysis that considers both the dynamics of 
the ecological system and the interactions between individual landholders. We have 
shown that even four relatively simple payment methods can perform very differently. With 
smart payment method selection, however, it is possible to greatly increase outcomes for 
biodiversity payments.  
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DISCUSSION 
 
 
Efforts to conserve biodiversity face the significant challenges of increasing pressures and 
limited conservation funds. Therefore the aim of this thesis was to identify if and how 
biodiversity could be improved within these economic, social and political constraints. I find 
outcomes for biodiversity can be improved without increasing investment or changing 
economic development pathways by maximising returns for investments and minimising 
impacts from production.  
 
Improved outcomes for biodiversity can occur at various spatial scales and institutional 
levels. Identifying improvements for biodiversity systematically at a national level can be 
facilitated by comprehensively incorporating the environment and biodiversity into national 
accounting. But this demands that we establish a unit of account for the environment. Here 
I, in collaboration with policy makers, economists, accountants and ecologists, developed 
an environmental currency based on decades of ecological science, employing the 
concept of reference condition to establish a standard benchmark, which produces a 
common unit of measures (0-100) for all environmental assets. Accounting frameworks, 
however, have not focused on biodiversity and I recommended changes to 
comprehensively include biodiversity. Accounting for biodiversity needs to include the four 
roles of biodiversity. Biodiversity is an asset, a good, and a service and biodiversity 
change is a residual of production as well. Accounting for biodiversity loss as a residual of 
production measures the change in biodiversity resulting from economic activity and hence 
makes transparent which activities are causing the greatest impacts and which activities 
generate the greatest economic return. The significance of these recommended changes 
to include biodiversity in accounts is that it will inform a range of challenging policy issues 
facing decision-makers.  
 
I also found there are opportunities for improved outcomes for biodiversity in the current 
biodiversity conservation policy settings. In a case study of Australia I made four 
recommendations to improve outcomes for biodiversity from policy without needing to 
increase funds, modify legislation or change development trends. These recommendations 
include rationalisation of the listing process, prioritisation of actions to manage species and 
threats, the estimation of the true costs of conservation and the introduction of adaptive 
management strategies.  
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The biodiversity efficiency analysis of Chapter 4 also suggests there are opportunities at 
the industry level to reduce the impact on biodiversity without reducing economic outputs.  
The biodiversity efficiency of the agricultural industries I examined could be increased 
(reducing impacts on biodiversity) across large tracts of the landscape without changing 
profitability. At the property level, the results of an analysis in Chapter 5 assessing the 
performance of payment methods to allocate funds between properties for biodiversity 
indicate that, at no extra cost, outcomes for biodiversity payments to landholders can be 
significantly improved with smart payment methods selection. Within the scope of this 
thesis the findings indicate improvements to biodiversity are possible across multiple 
scales and across multiple institutions. 
 
The topic addressed in this thesis is broad and ambitious and as such future studies could 
explore a number of potential areas of research specific to each chapter: 
• Chapter 1 The common currency for the environment will benefit from testing 
across a range of assets and geographical space. Unlike rank (or relative) indices 
whose construction is dependent on the other indicators, the currency is an 
absolute measure, with a fixed relationship between the quality and quantity 
indicators and the currency. As such it is important to understand that relationship. 
Given that ecosystems may experience sharp declines in condition at a certain 
threshold (Walker and Meyers 2004) it is possible the function is more likely to be 
non-linear and segmented rather than linear (Ott 1978). These types of functional 
relationships are commonly established for many indices and equally this would be 
a priority for operationalizing an environmental currency.  
• Chapter 2 In assessing the suitability of traditional accounting frameworks for 
accounting for biodiversity, I did not explore the possibility of developing purpose-
built accounts for biodiversity. I took the view that, given that an accounting 
discipline existed around the traditional accounts and they were already being 
retrofitted for the environment, the practice of biodiversity accounting was more 
likely to begin through these widely accepted accounting models. This means that it 
is possible that these are not the optimal accounting structures for biodiversity and 
better models of accounts are yet to be designed for biodiversity. I look forward to 
this development.  
• Chapter 3 The recommendations for changes to national biodiversity policy 
implementation could be improved with evaluation of alternative policies. 
Recommendations were expert-opinion based rather than based on evidence 
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because evaluations of the effectiveness of policy and projects for biodiversity are 
in general lacking (Bottrill et al., 2011a). Whilst there is evidence prioritisation can 
assist in managing more species (Joseph et al., 2009), evidence has not been 
collected to prove that rationalisation of the listing process and adaptive 
management will save more species. Therefore, it is critical that any changes to 
policy implementation are accompanied by attempts to evaluate the impact of the 
change to inform future improvements.  
• Chapter 4 As expected when introducing a new topic, there are many important 
and interesting advances to be explored. In the biodiversity efficiency analysis it is 
possible that many influences, other than just the production activity on the 
property, impact biodiversity. Distilling those other influences and the scale of those 
impacts will allow a more accurate measure of the biodiversity efficiency of 
individual producers and the industry as a whole. Given the changeable nature of 
the Australian weather and climate conditions, longer-term profitability data might 
help get a more accurate picture of the profitability of properties.  
• Chapter 5 Although the study improves on others by including the interactions 
between landholders, it would be improved again by including multiple time steps in 
which the landholders could change their strategy given the actions of other 
landholders. The next step in verifying the findings of this study is to test the 
behaviour of landholders in an experimental economics lab (Isaac et al., 1985) and 
then run a pilot in the field to confirm those findings. The recommendations could 
then be implemented in a real policy setting.  
 
Some of the analyses in this thesis were the first of their kind to be undertaken and as 
such need to be subject to further testing and exploration in general. It is to be hoped that 
the new concepts introduced, for example biodiversity accounting and biodiversity 
efficiency, rather than being definitive and conclusive, will start the debate and inspire 
further investigation. Areas of broad future are detailed below but include: 
1. Improving biodiversity measures for accounting and economic analysis 
2. Quantifying the relationship between biodiversity change and the economy 
3. Measuring the biodiversity efficiency of the wider economy 
4. Developing a pathway towards decoupling economic growth from biodiversity loss, 
and  
5. Building a framework for improving the efficiency and effectiveness of biodiversity 
policy 
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Developing new biodiversity-specific measures for this purpose was not part of this thesis. 
For the case studies requiring a biodiversity measure I employed simple biodiversity 
measures, tried and tested in the literature and appropriate for demonstrating the 
applications of these methods. There is substantial scope to improve these biodiversity 
measures. For example, biodiversity measures for accounting purposes (Chapter 2) is an 
area that needs investment and development. Several measures are possible but which 
measures are the most useful in an accounting context remains to be investigated. The 
biodiversity measure used in the efficiency analysis in Chapter 4 is based on the species-
area relationship, which could not be verified with data at the relevant scale (data not 
available) so further testing of this measure would be beneficial. Confidence in the 
measures (and the results) could be improved by re-running the efficiency analysis by 
collecting on-property biodiversity and profitability data for real, rather than simulated, 
properties and over several time periods (data also not available). I also did not thoroughly 
explore the issue of indicator choice for measuring different aspects of biodiversity relevant 
for Chapters 2, 4 and 5 (Caillon & Degeorges, 2007). Are, for example, extent and 
condition indicators of biodiversity sufficient to capture the intrinsic values of biodiversity 
(Callicott et al., 1999)? What indicators should be used to measure biodiversity as a good 
and a service? Biodiversity measures for accounting, in particular, are necessary before 
practitioners can go ahead and start to populate the recommended accounts. 
 
Arguably the most fundamental aspect lacking from this thesis (and all studies of this kind 
in general) is a quantification of the relationship between biodiversity change and 
production (Green et al., 2005). I have assumed a linear relationship between profitability 
and biodiversity loss for the payment for biodiversity metric analysis (Chapter 5). However, 
without understanding the functional relationship between production and biodiversity 
change at the scale of production (Chapter 4), it is difficult to scale up and understand how 
biodiversity changes at a broader scale (i.e. national) with economic growth (Chapter 2). It 
is likely to be a nuanced relationship, industry, scale and context dependent, different for 
each aspect of biodiversity (i.e. some species will react differently to different production 
activities). Investment in exploring the relationship between biodiversity and the economy 
is likely to greatly assist further research into biodiversity improvements. One of the 
advantages of comprehensive biodiversity accounting (including residuals from production) 
is that it will generate long-term data on the relationship between biodiversity change and 
economic development. Long-term data over time at the regional scale will also allow the 
identification of thresholds and critical relationships. 
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The purpose of the thesis was to demonstrate that improvements to biodiversity were 
possible across multiple scales and institutions and as such did not include an exhaustive 
search for all possible biodiversity improvements. The case studies were limited to the 
agricultural sector (Chapter 4 & 5) and the industries within agriculture (Chapter 4). The 
biodiversity efficiency analysis in Chapter 4 could, with additional data and analysis, be 
extended to many other agricultural industries and sectors to include mining, urban 
development and the many other sectors likely to impact biodiversity. Indeed, to answer 
the most profound question posed in this thesis, how do we grow the economy at least 
cost to biodiversity, measuring the biodiversity efficiency of all economic activities is 
required.  
 
This thesis to a degree has treated policy instruments as silos. Private land conservation 
tools compared with other private land conservation tools, suites of threat management 
compared to other threat management. This reflects how current policy is assessed. 
Conservation policy is not subject to an integrated, multi-scaled cost-effectiveness 
prioritisation at the highest level. For example, whilst it is interesting that payment method 
4 was more cost-effective than others (Chapter 5) to affect improved decision making it 
should be compared with a suite of management actions including threat management, 
individual species management actions and landscape scale actions such as reserve 
design. A high level mechanism to compare between policies would greatly benefit 
conservation decisions. For this to be realised it would be necessary to undertake a full 
costing and benefit assessment of all threatened species recovery plans, threat 
management, stewardship schemes and reserve design. It would also require all benefits 
to be measured in the same units. I would recommend this could be resolved by adopting 
the approach of other threat-based and species-based prioritisations that have used the 
probability of persistence as a benefit and avoided the costs and difficulties in gathering 
this data by using expert elicitation (Carwardine et al. 2012, Joesph et al. 2009). To ensure 
a net positive outcome for biodiversity conservation, the benefits from undertaking these 
approaches would have to outweigh any extra costs and resources. 
 
Maximising the capacity of existing arrangements to improve biodiversity outcomes is the 
first logical step towards enhancing biodiversity conservation. Although I have 
demonstrated that opportunities exist to do so, the capacity to improve biodiversity within 
existing economic, policy and social constraints is likely to reach a limit. Beyond this the 
 112 
changes that are claimed to be necessary (more funds and a change in the drivers of 
biodiversity loss) will also need to occur. Ensuring current efforts are efficient should lead 
to improved efficiency of future efforts and therefore increase the total outcomes for 
biodiversity compared to a business-as-usual approach where inefficiencies would 
otherwise be entrenched. As pressures increase further and available funds for 
conservation continue to diminish, taking advantage of all these opportunities for improved 
outcomes for biodiversity will become more and more important if we are to have a chance 
of conserving biodiversity for future generations. 
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Table S1.1.1 A review of biodiversity measures and their properties that could be used for biodiversity 
accounting.  
Index  Measure  Characteristics  Baseline  Purpose 
and scale  
Source  
Wild Bird Index  Abundance of 
birds  
Group of birds for 
example Farm birds, 
Seabirds, Wood-land 
birds  
UK 1970, 
Eurostat 
1990  
Indicator of 
biodiversity, 
National  
Gregory et al 
(2004).  
Living Planet,  Abundance of 
different 
species  
7953 species, 
interpolations and 
extrapolation  
WWF, UNEP 
1970,  
Indicator of 
biodiversity, 
Global, 
Regional 
Loh (2002)  
Loh et al (2005) 
Species 
Assemblage 
Trend Index  
Abundance of 
species  
Can be different 
group of species, 
taxonomic groups, 
endemic species or 
threatened species. 
CBS,NGO’s 
Various 
years  
Indicator of 
biodiversity, 
Regional  
Brink (2006)  
Red List Index  Change in 
rareness 
status  
Species extinction risk 
by weighting the 
extinction risk of all 
species of a particular 
taxonomic group 
IUCN, Now  Indicator of 
biodiversity, 
Global, 
National 
Butchart (2004)  
Simpson Index  Statistical 
measure of 
species 
richness and 
relative 
abundance  
The probability that 
two randomly 
selected individuals 
belong to two different 
species  
Now  Indicator of 
biodiversity, 
Any scale 
Simpson (1949)  
Shannon Index  Statistical 
measure of 
richness and 
evenness 
(relative 
abundance)  
Measuring the 
order/disorder in a 
particular system 
(entropy)  
Now  Indicator of 
biodiversity, 
Any scale 
Shannon (1948)  
Natural Capital 
Index  
Area of 
ecosystem 
and mean 
abundance of 
core set of 
species  
Quantity and quality, 
both natural and 
cultural ecosystems  
Netherland, 
Pre- 
industrial or 
low impact  
Indicator of 
‘quality’ of 
ecosystem, 
Regional 
Brink (2002)  
Mean Species 
Abundance  
Abundance 
based on 
modeling  
Pressure factors from 
human activities 
impacting on different 
land use and physical 
characteristics  
UNEP,OECD
, Pristine or 
primary 
vegetation  
Indicator of 
‘quality’ of 
ecosystem, 
Regional 
Alkemade et al 
(2009)  
Index of Biotic 
Integrity  
Species 
composition 
and relative 
abundance of 
fish  
Trophic function and 
organisation, 
reproductive 
behaviour. Expert 
judgments of quality  
Natural state Indicator of 
ecosystem 
condition, 
Regional  
Karr (1981).  
Sustainable 
Rivers Index  
Functional 
diversity of 
macro- 
invertebrates 
and 
Functional and 
structural links 
between ecosystem 
components, 
biophysical condition 
Reference 
condition 
(undisturbed)  
Indicator of 
ecosystem 
condition, 
Regional  
Davies et al 
(2010)  
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nativeness of 
fish  
and human 
intervention. Sampling 
and modelling.  
Marine Trophic 
Index  
Position of 
species in the 
food chain  
Replacement indices 
used to describe the 
interactions between 
fisheries and marine 
ecosystems  
FAO,CBD. 
Now  
Biodiversity 
compositio
n’ Regional  
Pauly and 
Watson (2005) 
The Water 
Quality Index  
Quality of 
inland 
surface 
waters, 
transitional 
waters, 
coastal 
waters and 
groundwater  
Indicator species and 
physico- chemical 
parameters for 
ecological 
classification and how 
to deal with 
uncertainty  
EU, 
calibrated 
2008, close 
to 
undisturbed 
conditions  
Indicator of 
ecosystem 
quality, 
Regional, 
National  
Kallis et al 
(2001) 
Biodiversity 
Intactness  
Abundance of 
species, 
constructed 
for data-poor 
regions 
Calculated from land 
use and land cover 
data based on expert 
judgments. May be 
disaggregated in 
terms of taxa, 
ecosystems and land-
uses. Uncertainty 
measures.  
Naturalness 
as observed 
in national 
parks  
Indicator of 
biodiversity, 
Any scale 
Scholes and 
Biggs (2005)  
Nature Index  Species or 
proxy for 
species, 
cover both 
terrestrial and 
marine 
ecosystems 
Based on data, 
models and expert 
judgments (125 
scientists). Data for 
1950, 1990, 2000 and 
2010. 308 indicators - 
representation of all 
major trophic levels.  
Norway, 
Undisturbed 
or 
sustainably 
managed  
Indicator of 
biodiversity, 
Any scale 
Certain et al 
(2011) 
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S4.1  
 
 
 
Figure S4.1.1. The scale of the landscape has been modified from this example from 5km in the 
analysis to 500m here. The cell size (100m) is the same as the analysis. A represents the proportion of 
habitat area in the local landscape at time i. B represents the proportion of habitat area in the local 
landscape at reference condition. C is an example biodiversity measure based on the species-area 
relationship (see equ. 2 in Chapter 4). Panel 4 demonstrates how the roving window method moves 
from cell to cell, calculating a new biodiversity measure based on the surrounding landscape, creating a 
continuous surface of biodiversity measurements. 
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S4.2 
 
 
 
Figure S4.1.2 For demonstration purposes the simulated property size is 10ha (see Table S4.2.1 below 
for actual property size). The cell size (100m) for the biodiversity layer is the same as the analysis. In 
panel 1 the biodiversity measure for a simulated property is sampled by randomly placing the ‘property’ 
over the biodiversity layer and calculating the mean biodiversity within that area. Only the biodiversity 
values for industry j are shown. In panel 2 the profit measure for the same simulated property is 
sampled by averaging the per ha annual profit for the property and multiplying it by the property size (in 
ha) (see Table S4.2.1). The cells in the profit layer are not to scale (actual cell size = 1kmx1km). 
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Table S4.2.1 The average property size, the number of properties sampled for each industry, the total 
area sampled and the per cent of the area of each industry sampled. 
Industry Average 
property 
size (ha) 
Number of 
‘properties’ 
sampled 
Total area 
sampled 
(square km) 
Approximate 
area of 
industry 
(square km) 
Proportion 
of industry 
sampled 
(%) 
A 2975 459 13655.25 202432 6.7 
 
B 2975 288 8568 103437 8.3 
C 88 545 479.6 6346 7.6 
D 199.4 239 476.566 5077 9.4 
 
  
 141 
S4.3 
 
Efficiency orientation 
Efficiency analyses can measure the distance to the frontier in a direction depending on 
whether the intent is to measure the efficiency of maximising outputs (output-orientated) or 
minimising inputs (input-orientated). This analysis was input-orientated as the objective of 
this analysis was to measure the potential for minimising biodiversity inputs.  
 
Returns to scale 
Whether the relationship is decreasing, increasing, constant or variable will affect the 
shape of the frontier (Bogetoft & Otto, 2010). Since we have not the data to assess if the 
relationship between biodiversity and profitability is increasing, decreasing or constant for 
each simulated property we adopt a variable returns to scale model. The frontier plotted 
over a set of data points with ‘variable returns to scale’ assumes convexity and free 
disposability (see Figure S4.3.1). 
 
DEA vs SFA 
An alternative to DEA is a Stochastic Frontier Analysis (SFA) which, unlike DEA, estimates 
unknown, parametric production function to plot the frontier over the data points (Van 
Meensel et al., 2010). Stochastic Frontier Analysis has advantages such as including error 
(Van Meensel et al., 2010) but we chose DEA because it did not force a parametric 
relationship between biodiversity and profitability, which may or may not exist.  
 
 
 
Figure S4.3.1 The efficiency frontier constructed with Data Envelope Analysis (variable returns to 
scale). The shape of this frontier is founded on a number of assumptions. A) If a given amount of inputs 
can produce a certain level of outputs, then the same amount of inputs can produce fewer outputs. B) If 
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two sets of input-output values are possible (i.e. part of the data set) then it is feasible for any property 
to achieve the same input-output combination. C) If an input-output set exists then producing those 
values are possible and are within the technology set (i.e. graphical space where data for this group of 
data may occur). D) There is no cost to disposing of un-used inputs so for given output for certain 
inputs, at least that level of output is possible if inputs are increased. 
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S5.1 
 
Below is an example of a payoff matrix for payment method 1 given 𝑁!! = 𝑁!! = 5 , 𝐾!"#! = 𝐾!"#! = 100 , 𝜙! = 𝜙! = $1000 , 𝑟 = 0.05 , 𝐵 = $100,000 . For demonstration 
purposes we have scaled the payoff matrix from 50 values to 10 values of K between 1-
100. 
 
 
 
 
 
 
 
 
𝑈! = 
	  
	   	  
	   Landholderb	  
	   	  
	   Possible	  actions	  (Values	  of	  K)	  
	   	  
	   1	   12	   23	   34	   45	   56	   67	   78	   89	   100	  
La
nd
ho
ld
er
a	  
Po
ss
ib
le
	  a
ct
io
ns
	  (V
al
ue
s	  o
f	  K
)	  
1	   3080	   3080	   3080	   3080	   3080	   3080	   3080	   3080	   3080	   3080	  
12	   3455	   3455	   3455	   3455	   3455	   3455	   3455	   3455	   3455	   3455	  
23	   3370	   3370	   3370	   3370	   3370	   3370	   3370	   3370	   3370	   3370	  
34	   3270	   3270	   3270	   3270	   3270	   3270	   3270	   3270	   3270	   3270	  
45	   3165	   3165	   3165	   3165	   3165	   3165	   3165	   3165	   3165	   3165	  
56	   3055	   3055	   3055	   3055	   3055	   3055	   3055	   3055	   3055	   3055	  
67	   2950	   2950	   2950	   2950	   2950	   2950	   2950	   2950	   2950	   2950	  
78	   2840	   2840	   2840	   2840	   2840	   2840	   2840	   2840	   2840	   2840	  
89	   2730	   2730	   2730	   2730	   2730	   2730	   2730	   2730	   2730	   2730	  
100	   2620	   2620	   2620	   2620	   2620	   2620	   2620	   2620	   2620	   2620	  
 
